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An atomic model of how gold atoms (the yellow spheres) and active Mn sites
(purple spheres) can interact in stabilizing ∗OOH (O are the red spheres and H
the white) on the surface, during oxygen evolution reaction. Such an interaction
could lead to a higher eﬃciency of hydrogen producing devices.
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Abstract
This Ph.D. thesis presents work on non-noble metal oxide catalysts for the
oxygen evolution reaction, OER. This reaction is currently a bottleneck in elec-
trolyzer technologies, which are promising for energy storage purposes. In par-
ticular, Polymer Electrolyte Membrane, PEM, cells are attractive for decen-
tralised hydrogen stations. PEM electrolyzers rely on scarce noble metals to
achieve high eﬃciency and durability, which limits the scalability of the tech-
nology. Finding new catalysts for OER is therefore a thriving research ﬁeld with
new materials being reported frequently.
However, many of these new reports include little information about stability,
which is evaluated solely from short term electrochemical testing. The ﬁrst
part of this project was therefore dedicated to designing a meaningful stability
protocol. Manganese oxide thin ﬁlms were prepared with sputter deposition and
the stability was evaluated with Electrochemical Quartz Crystal Microbalance
measurements combined with Inductively Coupled Plasma - Mass Spectrometry.
The results showed that a stable electrochemical performance can be achieved,
while a constant mass loss is occurring. The proposed protocol can guide future
research eﬀorts in evaluating novel materials for the OER.
Unfortunately, most non-noble metal based OER catalysts reported to this
date work in alkaline solutions, where cheap NiFe electrodes are already utilized
in commercial systems. For acidic media, relevant for the acidic membrane in
PEM electrolyzers, there is a lack of strategies aimed at designing catalysts
without noble metals. It turns out that MnO2 is a stable material in the OER
relevant potential range in acid. In this project, MnO2 thin ﬁlms were therefore
prepared to evaluate their usefulness for PEM electrolyzers. Anodic dissolution
of MnO2 was found to be an issue and a strategy is presented for stabilizing the
surface. From density functional theory calculations it was found that titanium
could segregate to surface sites prone to dissolution. Thus, MnO2 thin ﬁlms
were modiﬁed with titanium using a reactive co-sputtering method and tested
in acid. The results indicate that the stability could be improved with more
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than 40 %, while the activity decreased with 10 %.
Finally, for MnO2 to be useful as an OER catalyst in PEM cells, the activity
should be improved. Mixtures of manganese oxide and gold have been reported
to exhibit activity enhancements and, hence, a ﬁnal part of the thesis focus on
this system. Mixed thin ﬁlms were prepared, which exhibited ﬁve times higher
current density compared to pure Mn oxides. X-ray Diﬀraction measurements
indicated that Au domains of approximately 3 nm were important for this en-
hancement. Furthermore, from an in-situ X-ray Absorption Spectroscopy study
it was found that Mn oxidises at a more cathodic potential when Au is nearby.
This experimental study serves as a starting point for understanding the bene-
ﬁcial interaction between gold and manganese oxides.
Dansk Resumé
Denne Ph.D. afhandling præsenterer ny forskning indenfor metaloxid katalysatorer
til elektrokemisk oxygen udvikling, OER. Denne reaktion er en ﬂaskehals for
elektrolyse, der er en lovende teknologi til energilagring. Især er Polymer Elec-
trolyte Membrane, PEM, systemer attraktive for decentraliseret hydrogen pro-
duktion. Disse systemer bruger ædelmetaller for at opnå høj eﬀektivitet og
holdbarhed, hvilket begrænser deres skalerbarhed. Jagten på nye katalysatorer
til denne reaktion er derfor et vigtigt forskningsområde og nye materialer bliver
publiceret hyppigt.
Mange af disse nye materialer er dog ikke testet for stabilitet, udover ko-
rtsigtet elektrokemisk karakterisering. Første part af dette projekt er derfor
dedikeret til at designe en meningsfuld protokol til at teste stabilitet. Man-
gan oxid tyndﬁlm blev deponeret med sputter deposition og stabiliteten testet
med Electrochemical Quartz Crystal Microbalance kombineret med Inductively
Coupled Plasma - Mass Spectrometry. Resultaterne viste at stabil elektrokemisk
ydeevne kunne opnås samtidig med at et konstant massetab fandt sted. Den
foreslåede protokol kan guide fremtidige evalueringer af nye katalysatorer til
oxygen udvikling.
Blandt nye katalysatorer til OER, der ikke er baseret på ædelmetaller, virker
langt de ﬂeste og bedste kun i basiske opløsninger, hvor billige NiFe katalysatorer
allerede bliver brugt kommercielt. I syre, relevant for PEM celler, er der en
mangel på strategier til at ﬁnde stabile og billige materialer. Her er MnO2 et
unikt materiale, idet det er stabilt og aktivt i et OER relevant potentialevindue.
I dette projekt testes MnO2 derfor som OER katalysator i syre. Instabilitet ved
høje anodiske potentialer er et problem og derfor udvikledes en strategi for
stabilisering af dette materiale. Ved brug af density functional theory blev det
fundet at titanium kan migrere til de overﬂadepositioner der er mest ustabile.
Derfor modiﬁceredes MnO2 med titanium ved hjælp af en co-sputtering metode
og disse tyndﬁlm blev testet i svovlsyre. Resultaterne viste at massetabet kunne
sænkes med mere end 40 %, imens aktiviteten faldt med kun 10 %.
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For at MnO2 kan bruges som OER katalysator i PEM elektrolysesystemer
skal aktiveten også forbedres. Mangan oxid blandet med guld har vist sig at
give store aktivitetsforbedringer og derfor omhandler den sidste del af projektet
disse blandinger. Mangan oxid og guld blev co-deponeret og en femdobling af
strømdensiteten kunne opnås. Ved Røntgendiﬀraktion blev det fundet at 3 nm
store gulddomæner har stor betydning for aktivitetsforbedringen. Endvidere
blev in-situ Røntgenabsorption brugt til at karakterisere oxidationstrin for Mn
i tyndﬁlmene. Det viste sig at Mn oxideres ved mere katodiske potentialer når
Au er til stede. Disse studier udgør et solidt udgangspunnkt for bedre forståelse
af interaktionen mellem guld og mangan oxid.
List of publications
Appended Publications
Paper I
Benchmarking the Stability of Oxygen Evolution Reaction Catalysts:
The Importance of Monitoring Mass Losses
Rasmus Frydendal, Elisa A. Paoli, Brian P. Knudsen, Björn Wickman, Paolo
Malacrida, Ifan E.L. Stephens, Ib Chorkendorﬀ
ChemElectroChem, 2014, Volume 1, pages 2075-2081
Paper II
Enhancing Activity for the Oxygen Evolution Reaction: the Bene-
ﬁcial Interaction of Au with Mn and Co Oxides
Rasmus Frydendal, Michael Busch, Niels B. Halck, Elisa A. Paoli, Peter Krtil,
Ib Chorkendorﬀ, Jan Rossmeisl
ChemCatChem, 2014, Volume 7, pages 149-154
Paper III
Toward an active and stable catalyst for oxygen evolution in acidic
media: Ti-stabilized MnO2
Rasmus Frydendal, Elisa A. Paoli, Ib Chorkendorﬀ, Jan Rossmeisl, Ifan E.L.
Stephens
Accepted for publication in Advanced Energy Materials
viii
Paper IV
In-situ investigation of Au-MnOx thin ﬁlms with improved activity
for the oxygen evolution reaction
Rasmus Frydendal, Linsey Seitz, Dimosthenis Sokaras, Tsu-Chien Weng, Den-
nis Nordlund, Ib Chorkendorﬀ, Ifan E.L. Stephens, Thomas F. Jaramillo
In preparation
Other publications - not appended
Paper V
Iron-Treated NiO as a Highly Transparent p-Type Protection Layer
for Eﬃcient Si-Based Photoanodes
Bastian Mei∗, Anastasia A. Permyakova∗, Rasmus Frydendal∗, Dowon Bae,
Thomas Pedersen, Paolo Malacrida, Ole Hansen, Ifan E.L. Stephens, Peter C.
K. Vesborg, Brian Seger, Ib Chorkendorﬀ
Journal of Physical Chemistry Letters, 2014, Volume 5, pages 3456-3461
∗ These authors contributed equally to the manuscript.
Paper VI
Oxygen Evolution onWell-deﬁned Mass-Selected Ru and RuO2 Nanopar-
ticles
Elisa A. Paoli, Federico Masini, Rasmus Frydendal, Davide Deiana, Christian
Schlaup, Mauro Malizia, ThomasW. Hansen, Sebastian Horch, Ifan E.L. Stephens,
Ib Chorkendorﬀ
Chemical Science, 2014, Volume 6, pages 190-196
Paper VII
Enabling direct H2O2 production through rational electrocatalyst de-
sign
Samira Siahrostami, Arnau Verdaguer-Casadevall, Mohammadreza Karamad,
Davide Deiana, Paolo Malacrida, Björn Wickman, Maria Escudero-Escribano,
Elisa A. Paoli, Rasmus Frydendal, Thomas W. Hansen, Ib Chorkendorﬀ, Ifan
E.L. Stephens, Jan Rossmeisl
Nature Materials, 2013, Volume 12, pages 1137-1143
ix
Paper VIII
Crystalline TiO2: A Generic and Eﬀective Electron Conducting Pro-
tection Layer for Photo-anodes and -Cathodes
Bastian Mei, Thomas Pedersen, Paolo Malacrida, Dowon Bae, Rasmus Frydendal,
Ole Hansen, Peter C. K. Vesborg, Brian Seger, Ib Chorkendorﬀ
The Journal of Physical Chemistry C, 2015, Volume 119, pages 15019-15027
Paper IX
Fine-tuning the activity of oxygen evolution catalysts: The eﬀect of
oxidation pretreatment on size-selected Ru nanoparticles
Elisa Antares Paoli, Federico Masini, Rasmus Frydendal, Davide Deiana, Paolo
Malacrida, Thomas W. Hansen, Ib Chorkendorﬀ, Ifan E.L. Stephens
Submitted, 2015
x
List of Acronyms
ALD . . . . . . Atomic Layer Deposition
BCE . . . . . . Before Common Era (same as BC - Before Christ)
CAES . . . . . Compressed Air Energy Storage
CE . . . . . . . . Common era (same as AD - Anno Domani)
DSA . . . . . . Dimensionally Stable Anodes
DFT . . . . . . Density Functional Theory
EIA . . . . . . . U.S. Energy Information Administration
EQCM . . . . Electrochemical Quartz Crystal Microscopy
EROI . . . . . Energy Return Of (Energy) Invested
ETP (2DS) Energy Technologies Perspective (2 degrees scenario)
EWG . . . . . Energy Watch Group - organization
EXAFS . . . Extended X-ray Absorption Fine Structure
GGA . . . . . . Generalized Gradient Approximation
Gt . . . . . . . . . Gigaton
HER . . . . . . Hydrogen Evolution Reaction
HHV . . . . . . Higher Heating Value
HOR . . . . . . Hydrogen Oxidation Reaction
ICP-MS . . Inductively Coupled Plasma - Mass Spectroscopy
xii Contents
IEA . . . . . . . International Energy Agency
LHV . . . . . . Lower Heating Value
Mbd . . . . . . Million barrels (oil) per day
Mtoe . . . . . . Million ton oil equivalent
NP . . . . . . . . NanoParticle
OECD . . . . Organisation for Economic Co-operation and Development
OER . . . . . . Oxygen Evolution Reaction
OPEC . . . . Organization of the Petroleum Exporting Countries
ORR . . . . . . Oxygen Reduction Reaction
PEM . . . . . . Polymer Electrolyte Membrane (also Proton Exchange Membrane)
PHS . . . . . . Pumped Hydropower Storage
QCM . . . . . Quartz Crystal Microbalance
RDE . . . . . . Rotating Disk Electrode
RHE . . . . . . Reversible Hydrogen Electrode
RPBE . . . . Revised Perdew-Burke-Ernzerhof
RRDE . . . . Rotating Ring Disk Electrode
SEM . . . . . . Scanning Electron Microscopy
STM . . . . . . Scanning Tunneling Microscopy
T&D . . . . . . Transmission and Distribution
TEM . . . . . . Transmission Electron Microscopy
TWh . . . . . . Terawatt hour
UHV . . . . . . Ultra High Vacuum
WEO . . . . . World Energy Outlook
XPS . . . . . . X-ray Photoelectron Spectroscopy
XRD . . . . . . X-ray Diﬀraction
XAS . . . . . . X-ray Absorption Spectroscopy
XANES . . . X-ray Absorption Near Edge Spectroscopy
Contents
1 Introduction 1
1.1 A world divided in energy . . . . . . . . . . . . . . . . . . . . . . 1
1.2 The renewables - what is the challenge? . . . . . . . . . . . . . . 10
1.3 Electrolyzer technologies . . . . . . . . . . . . . . . . . . . . . . . 13
1.4 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2 Electrocatalysis and the splitting of water 17
2.1 What is a catalyst? . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 Thermodynamics of electrode reactions . . . . . . . . . . . . . . . 19
2.3 Water splitting in electrolyzers . . . . . . . . . . . . . . . . . . . 21
2.4 Hydrogen Evolution . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.5 Oxygen Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.5.1 Theoretical model for Oxygen evolution . . . . . . . . . . 26
2.5.2 Recent experimental advances . . . . . . . . . . . . . . . . 29
2.5.3 Catalyst stability . . . . . . . . . . . . . . . . . . . . . . . 38
2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3 Experimental Methods 43
3.1 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.1.1 Sputter Deposition . . . . . . . . . . . . . . . . . . . . . . 43
3.2 Characterization techniques . . . . . . . . . . . . . . . . . . . . . 47
3.2.1 X-ray Photoelectron Spectroscopy . . . . . . . . . . . . . 47
3.2.2 X-ray Diﬀraction . . . . . . . . . . . . . . . . . . . . . . . 49
3.2.3 X-ray Absorption Spectroscopy . . . . . . . . . . . . . . . 51
3.2.4 Scanning Electron Microscopy . . . . . . . . . . . . . . . . 55
3.3 Electrochemical measurements . . . . . . . . . . . . . . . . . . . 56
3.3.1 Impedance Spectroscopy . . . . . . . . . . . . . . . . . . . 58
3.3.2 Measuring techniques . . . . . . . . . . . . . . . . . . . . 59
xiv CONTENTS
3.4 Stability measurements . . . . . . . . . . . . . . . . . . . . . . . 60
3.4.1 Electrochemical Quartz Crystal Microbalance . . . . . . . 60
3.4.2 Inductively Coupled Plasma - Mass Spectrometry . . . . 62
4 Benchmarking the stability of OER catalysts 65
4.1 Characterization of thin ﬁlms . . . . . . . . . . . . . . . . . . . . 65
4.2 Activity measurements . . . . . . . . . . . . . . . . . . . . . . . . 67
4.3 Stability measurements . . . . . . . . . . . . . . . . . . . . . . . 68
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5 Towards a stable and inexpensive catalyst for OER in acid 75
5.1 MnOx thin ﬁlms in sulfuric acid . . . . . . . . . . . . . . . . . . . 76
5.2 A concept for improving stability of MnO2 . . . . . . . . . . . . . 79
5.2.1 Density Functional Theory . . . . . . . . . . . . . . . . . 80
5.2.2 Summary of DFT results for for MnO2 modiﬁcations . . . 81
5.3 Experimental validation of the concept . . . . . . . . . . . . . . . 82
5.3.1 Stabilization in alkaline electrolyte . . . . . . . . . . . . . 89
5.3.2 Titania overlayers for stabilized MnO2 . . . . . . . . . . . 90
5.3.3 Cathodic dissolution in acid . . . . . . . . . . . . . . . . . 94
5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
6 The beneﬁcial interaction between Au and MnOx 97
6.1 Theoretical model of Au-MnOx interaction . . . . . . . . . . . . 97
6.2 Experimental investigation of Au-MnOx catalysts . . . . . . . . . 102
6.2.1 Characterization . . . . . . . . . . . . . . . . . . . . . . . 103
6.2.2 Electrochemical characterization . . . . . . . . . . . . . . 106
6.2.3 In situ X-ray Absorption Near Edge Spectroscopy . . . . 108
6.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
7 Conclusion and outlook 119
7.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
Bibliography 123
Chapter 1
Introduction
The aim of this thesis is to investigate new electro-catalysts for the oxygen
evolution reaction, which is key to improve the feasibility of water electrolysis.
Water electrolysis in turn holds great potential as a technology for storing elec-
trical energy as a chemical. This brief "bottom-up" motivation is meaningful
for researchers in the ﬁeld, however, for others it may be of greater interest
to know why electrochemical production of hydrogen is relevant in the bigger
scope of things. In the following I will therefore attempt a top-down motivation
to why the world needs energy storage technologies. As a starting point for
the introduction, the current energy landscape will be presented along with the
global distribution of resources. The challenge of future energy demand is then
discussed and ﬁnally energy storage will be introduced.
1.1 A world divided in energy
In the last decades, energy related issues, such as ﬁnite fossil fuel resources and
climate changes, have lead to serious debates among the world's policy mak-
ers. Excellent examples are the Conference of the Parties, COP, sessions of the
UN Framework Convention on Climate Change, which have been held since the
mid 90's all around the world. In these sessions the worlds leaders aim to set
an ambitious framework for the future emission of green house gasses, which
are closely related to how each country produces its energy. Unfortunately, it
has proven extremely diﬃcult to reach binding agreements between the parties,
despite the fact that most leaders seem aware of the urgency of the situation.
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However, it is perhaps not so surprising that it is diﬃcult to reach agreements
when comparing the distribution of population to distribution of energy con-
sumption in the world. The distribution of population is illustrated in ﬁgure
1.1, which shows a map of the world where every country size is normalized to
the size of its population.
Figure 1.1: Map of the world where each country size is proportional to its popu-
lation. Taken from [1].
Figure 1.2: Map of the world where each country size is proportional to its fuel
consumption. Taken from [1].
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From the population distribution it is clear that countries such as China and
India contain a disproportionate amount of people compared to the geographic
area. In comparison to this map, an illustration of fuel consumption distribu-
tion, ﬁgure 1.2, shows that the amount of energy spent throughout the world
is markedly diﬀerent from the distribution of people. In the fuel consumption
map the US is approximately the size of India and China combined and the
European region is signiﬁcantly larger than South America and Africa where
very little energy is consumed. The eﬀect of this skewed energy/population
ratio can also be seen from ﬁgure 1.3, where a measure of living standard, the
Human Development Index, is plotted for a selection of countries as function of
the electricity consumption per capita.
Figure 1.3: Plot of the Human Development Index, HPI, as function of electricity
consumption per person per year. The HPI is a measure of living standards. Figure
taken from [2]
Although the data from ﬁgure 1.3 is from 2005, the diﬀerence in energy con-
sumption is astonishing. More recent data from the BP Statistical Review of
World Energy 2015 [3] is shown in ﬁgure 1.4, where consumption per capita of
oil, natural gas and coal is shown for the US, China and India in year 2013.
From this data, the US consumes more than three times as much energy per
capita as China, who in turn consumes more than four times as much as In-
dia. Understandingly, countries with very low living standards wish to improve
their situation; the world energy consumption is therefore bound to increase.
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Figure 1.4: Bar plot of the energy consumption per capita from US, China and India.
Only the three major fuels, oil, gas and coal are included. Numbers are from [3].
As a thought experiment, let's assume India and China would reach the living
standard of the US and consume the same amount of energy per capita. The
increase in energy consumption for this scenario would correspond to almost
13000 Mtoe/year (million ton oil equivalent) or equivalent of the total primary
energy consumption of the whole world in 2013. While this example is rather
extreme, it certainly shows that these highly populated countries have a lot of
catching up to do, in terms of living standards, growth of economy and therefore
in energy consumption. The increasing oil consumption among these countries
is also evident from recent historic consumption data from BP Statistical review
of the world 2015 [3], which is shown in ﬁgure 1.5.
The oil consumption for Asia Paciﬁc, Africa and the middle east is clearly in-
creasing. Speciﬁcally for Asia Paciﬁc, the consumption went from 13 Mbd (mil-
lion barrels per day) to 30.8 Mbd in the period of 1989 to 2014, equivalent of
236 % increase in 25 years. In the same period the combined consumption in
North America and Europe & Eurasia actually decreased slightly. This is nat-
urally only valid for oil which does not give the full picture. For all regions the
consumption of natural gas has increased since 1989, however, with Asia Paciﬁc
approximately tripling their consumption. Furthermore, coal consumption has
gone down in Europe, stagnated in North America and more than doubled in
Asia Paciﬁc.
The above examples and graphs highlight the fact that energy is closely linked
to economic growth and living standards and that developing countries will con-
sume a lot more energy in the years to come. So far the population growth has
not been taken into account. From a historic perspective the human population
has been growing slowly for many years and even in the period 4000 before
common era, BCE, to 1000 common era, CE, the population only doubled ap-
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Figure 1.5: The worlds oil consumption divided in regions, plotted from 1989 to
2014. Figure taken from [3].
proximately every thousand years. It was not until the 17th century and the
industrial revolution that the growth accelerated dramatically and between year
1600 and 1800 the population doubled so that 1 billion people lived on the earth
simultaneously. Between year 1900 and 2000 the population more than tripled.
Recent development of the human population can be seen in ﬁgure 1.6, where
both population numbers and annual growth rates are plotted.
The annual growth rate can be expected to remain positive until around 2070.
However, before then it is most likely that we will reach around 10 billion people.
The increase in population means that more energy is required to provide for
approximately an extra China and India. Provided the new population require
what corresponds to the energy consumed in the US per capita, we can add
another 13000 Mtoe to the consumption. Energy forecasters expect that world
energy consumption will increase with an average annual rate of 1.1 % up until
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Figure 1.6: A plot of the world population (in black) and annual growth rates (in
blue) from 1850 to 2062. The numbers from 2015 and 2062 are forecasts. Data taken
from [4].
2040, which corresponds to an increase of 37 % from 2014 [5]. Although the
exact numbers from such forecasts can vary dramatically, it is certain that we
will need to produce signiﬁcantly more energy in the coming decades.
The question is how this vast amount of energy will be provided. The numbers
presented here has so far been in Mtoe, which can seem somewhat arbitrary. As
an example of the magnitudes, one of the largest wind turbines ever built is the
Vestas V-164 which can deliver 8 MW. If this turbine was to run with 8 MW as
power output non-stop for a year it would produce 0.006 Mtoe. The windmills
in Denmark deliver between 25 and 30 % of the nominal power as electricity
averaged over a year [6]. In other words, 13000 Mtoe/year consumption could be
covered with approximately 7.3 mio. 8 MW wind turbines, assuming the deliver
30 % of the nominal power. Note that the world currently has an installed wind
power capacity of around 370 GW [7], or what corresponds to about 46000 8
MW turbines.
In 2014 oil, natural gas and coal resources provided 86 % of the worlds primary
energy consumption. Is it possible for these traditional resources to ﬁll the gap?
In the energy sector there is still optimism regarding this prospect, however, it
should be noted that forecasting the production and predicting the fossil fuel
reserves are not straightforward tasks. This is illustrated in 1.7a and b.
In ﬁgure 1.7a oil production forecasts from three annual reports of the US En-
ergy Information Administration, EIA, are plotted. It is evident that the actual
production in 2010 was lower than predicted and in the latest report the expec-
tations for 2020 and 2025 have decreased signiﬁcantly since 2004. In ﬁgure 1.7b
the so called proven reserves are taken from BP Statistical Review of World
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Figure 1.7: a) Forecasts of the worlds oil production from the US Energy Informa-
tion Administration, EIA. In blue is their forecast from 2001, in black from 2004 and
in red from 2014. Based on [5, 8, 9] b) Reserves/production ratios for the three major
fuels in the period 2002 to 2014. Based on statistics from [3,1016].
Energy annual reports. Especially for the coal reserves there is a drastic change
in the evaluation from 2002 to 2014. The predictions also vary signiﬁcantly
dependent on the source, exempliﬁed in ﬁgure 1.8 showing the forecast from
Energy Watch Group, EWG, a non-proﬁt organization of scientists.
Figure 1.8: World oil production from 1940 to 2030, divided into regions. The
number from 2012 are predictions. The dashed black line represents the scenario
predicted by the Energy Watch Group in 2008. The red dotted line represents the
International Energy Agency's outlook from 2006 and the blue dotted line their outlook
from 2012. Figure taken from [17].
The forecast from EWG in 2013 clearly shows a diﬀerent picture than the one
from EIA and in their view the global oil production should decrease already
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from this year. So the question about whether the traditional energy sources can
cover our future energy demand is certainly not an easy one to answer. Much
of the optimism regarding new oil exploration is further complicated by the
locations and extraction methods necessary to make it proﬁtable. In recent years
the "fracking miracle" in the US has been put under scrutiny and independent
researchers claim that the future production levels from some of the new US
tight oil and shale gas sites are grossly overestimated [18]. While these sites are
certainly rich in resources, the total cost of extraction is diﬃcult to assess. From
an environmental point of view, hydraulic fracturing and horizontal drilling are
highly controversial methods, requiring large amounts of water and chemicals.
The methods may, among other eﬀects, cause signiﬁcant contamination of water
supply as well as air pollution [19]. From an economic point of view, the energy
return on (energy) invested, EROI, for tight oil and shale gas resources are far
lower than for the more traditional oil wells. EROI is a ratio of how much a unit
of input energy will return as output [20]. This ratio must be above 1 for any
feasible process, regardless of market value of the product. The decreasing EROI
for oil is partly due to the "easy oil ﬁrst" approach, but also to the technical
advances over time allowing for oil to be found and extracted almost anywhere.
In ﬁgure 1.9 EROI ratios are shown for the diﬀerent resources.
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Figure 1.9: A bar plot of calculated Energy Return on (Energy) Invested, EROI,
for various energy sources. The EROI numbers are taken from [21].
These values are taken from Murphy and Hall (2010) [21] but as the authors
note, EROI ratios are complex and can vary signiﬁcantly dependent on the re-
search group or organization behind the calculation. However, it is clear that
the energy return for oil and gas has decreased over time and is now approach-
ing the values found for wind turbines. In fact, the more recently discovered
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tight oil sites may have EROI ratios lower than 5. This is a huge shift from the
traditional oil wells where the EROI ratios could exceed 100. From the EROI
analyses and forecasts from energy agencies a picture is emerging. The tra-
ditional resources might still be plentiful, but the expected rates of production
may become a limiting factor. As established earlier, the world's energy demand
is increasing and for this reason alone it is vital that the renewable resources are
exploited to a much larger degree than they currently are. The second major
driver for increasing energy production from renewables is the environmental
impact of burning fossil fuels, which have lead to unprecedented high levels of
CO2 in the atmosphere. The climate change discussion has a lot of momentum
these years and there are numerous reports predicting the consequences of the
ever increasing CO2 emissions [2225]. Although the full eﬀect of the emissions
is impossible to predict with our current knowledge, it is certainly a risky ex-
periment we are carrying out on "laboratory earth". An interesting example
from the International Energy Agency, IEA, is shown in ﬁgure 1.10, where the
global CO2 emissions from the energy sector are plotted together with an eval-
uation of a so called global carbon budget. The background for this model is a
scenario which takes into account recent pledges from dominant countries and
the carbon budget is evaluated as the amount of CO2 we can emit while only
raising the global temperature with 2 oC by 2050 [26]. According to that model
we will have spent the budget in 2040 where the emissions of CO2 are not even
expected to peak.
Figure 1.10: CO2 emissions in Gt in the period 1890 to 2040, shown as bars and
on the left axis. The blue line and the right side axis represents remaining global
carbon budget from a scenario based on recent pledges from the worlds policy makers.
Numbers from 2014 are predictions. Figure from [26].
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1.2 The renewables - what is the challenge?
As mentioned above, 86 % of the worlds primary energy consumption in 2014
was provided by the traditional fossil fuel resources, oil, natural gas and coal.
The remaining 14 % consists of nuclear, hydro and other renewables. The
other renewable resources include wind, solar, geothermal and biomass which
combined provide 2.5 % of the worlds primary energy [3]. The big question is
whether it is possibly to increase this value signiﬁcantly. In 2014 an estimated
250 billion US dollars were invested globally in renewable energy sources, of
which photovoltaics and onshore windturbines received the most [27]. While
this investment seems a staggering amount, the installed renewables are not
likely to meet the targets of the 2 oC plan from IEA, which aim for 10225
TWh power generated in 2025 from renewables, an increase of approximately
100 % compared to 2013 [27]. Many countries are still struggling with making
large integration of renewables feasible and it is clear that regional and national
subsidy schemes are key to further implementation. However, one aspect is
the market and public willingness to invest in these technologies, another is
to evaluate the potential power reserve available. As mentioned above for oil,
gas and coal the reserves are investigated yearly but are not considered to be
very accurate. For renewables the ultimate reserve is the highly useful fusion
generator located approximately 150 billion meters above us, a star known as
the Sun. In fact, on earth we receive approximately 170000 TW of radiation
from the sun, of which close to a third is reﬂected back [28]. Assuming we can
harvest that energy with 10 % eﬃciency, we would have to cover approximately
0.016 % of the earth's land surface with solar panels to produce 20 TW [28].
It is also worth noting that solar and wind power are potentially much more
distributed resources compared to fossil fuels. With widespread installation of
wind turbines and solar panels it is possible that the future energy landscape
will contribute to a markedly diﬀerent and more equal political environment,
compared to today.
A key factor to consider is the intermittent nature of solar and wind power,
which can not be turned on and oﬀ in the same manner as fossil fuel based plants.
When the sun shines or the wind blows power generation is possible, but when
it is dark or there is no wind there is nothing to gain from these sources. This
intermittency is exempliﬁed in ﬁgure 1.11, where Danish electricity demand and
wind power generation is shown for a two-week period in May 2015. The demand
ﬂuctuates between 2.5 and 4.7 GW, but the wind power ﬂuctuates between close
to zero and 4 GW. There are also times when the wind power generation exceeds
the demand, which means the excess power must be exported. Denmark has an
ambitious plan to expand the electricity generation from wind power up to 50 %
of the national consumption. In 2014 a new record level was reached, where 39.1
% of the national electricity consumption was covered by wind turbines [29]. In
ﬁgure 1.11 an example is given for doubling the wind power production. With
such a doubling there are longer periods where the wind power exceeds the
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demand, but there are still periods where the wind power is far from enough.
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Figure 1.11: Energy demand, red line, and wind power production, in green, for a
two week period in January 2014, Denmark. In shaded blue, the doubled wind power
production is shown. Data from [30].
Integration of a signiﬁcant amount of renewables in the energy infrastructure
will put the electricity grid under a high degree of stress. The existing fossil
fuel power plants will have to accommodate for the ﬂuctuating sources, which
could lead to lower eﬃciencies due to non-optimal operation. A way to mitigate
this is to dramatically increase the export and import options so that larger
regions can share the load. However, there is no guarantee that southern Eu-
rope will import electricity every time northern Europe experience periods of
wind and vice versa. Smart grids are also expected to alleviate some of the
problems with ﬂuctuating power supply by turning electricity demanding utili-
ties into intelligent components of the grid. Essentially these utilities will follow
the electricity supply and spend energy when there is excess (cheap) electricity
and be on stand by when there is low (expensive) supply [31]. However, for
the smart grids to make a signiﬁcant impact energy storage technologies must
be implemented. For example, the IEA expects energy storage technology ca-
pacity to reach 8 % of the total power generation capacity in 2050, under their
ETP 2DS proposal [32]. Among these technologies are: pumped hydropower,
ﬂywheels, batteries, thermal storage, supercapacitors and hydrogen production
with electrolysis. Hydrogen production with electrolysis presents a promising
technology, where electricity is used to produce a chemical which can be stored
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and used for power generation. The advantages of electrolysis are high energy
density, quick response times, zero carbon footprint and potential use in large
scale [33]. In ﬁgure 1.12 a comparison of the various energy storage technologies
can be seen, based on power scale and discharge duration. Hydrogen production
can cover large scale operation and are suited for response and discharge in a
dynamic range between hours and whole seasons.
Figure 1.12: An overview graph showing various energy storage technologies. The
comparison is based on the power scale as function of discharge duration. The power
scale is divided into three main applications, end-user, transmission and distribution
(T&D) and generation. Other technologies included on this chart are Supercapacitors,
Flywheel, Battery, Pumped Hydro Storage (PHS) and Compressed Air Energy Storage
(CAES). Figure taken from [32].
Furthermore, a major advantage for hydrogen production is the option of
generating a high value fuel which can be used in the transport sector. With
small scale fuel cell systems the hydrogen can be converted into electrical energy
in cars, trucks or boats. Hydrogen is also used as a feedstock in various chem-
ical processes and is already produced at a large scale. Currently, most of this
hydrogen is made from methane and only 8 GW of electrolysis is currently in-
stalled worldwide [34]. Therefore, a shift to electrolysis for hydrogen production
has an extremely large potential for reducing CO2 emissions as well as providing
energy storage and sustainable fuels for the future energy infrastructure. In the
following section an introduction to electrolyzers will be presented.
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1.3 Electrolyzer technologies
An electrolyzer is a device made for splitting water into hydrogen and oxygen
by electrochemical means. Water splitting is an endothermic reaction so energy
is required for it to proceed. In an electrolyzer this energy is supplied as an
electrical current passed through the electrochemical cell. A simple schematic
of an electrolyzer cell can be seen in ﬁgure 1.13. The electrolyzer as a device
is then a series of these cells connected to deliver the rate of hydrogen needed.
In acidic electrolyte, water is oxidised into oxygen and solvated protons at the
anode. The protons are then conducted through the electrolyte (can be an ion
conducting membrane) and reduced to form hydrogen gas at the cathode. The
necessary inputs are therefore water and electricity. The potential applied per
cell determines the eﬃciency.
Figure 1.13: In a Polymer Exchange Membrane cell, the electrolyte is a proton
conducting membrane. In electrolysis mode water is oxidised at the anode, generating
oxygen gas and protons. The protons are then transferred through the electrolyte to
the cathode where they are reduced to form hydrogen gas.
The existing electrolyzer technologies are divided by the type of electrolyte being
used. The electrolyte is a key component, providing ionic conductivity while
being electronically insulating. Traditionally, alkaline electrolytes have been
used for this purpose and in particular concentrated potassium hydroxide. This
type of electrolyzer was the ﬁrst to be commercially available and can deliver
stable performance up to 15 years with eﬃciencies in the range of 40-80 % [32,35].
The advantages of this technology lie in their technological maturity and the
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cheap materials that can be used as catalysts. A more elaborate description of
these catalysts will be given in section 2.5. Both for the anode and cathode Ni
based materials can be used as electrodes in alkaline systems. At this point it
should be noted that while the potential necessary for driving the reaction at the
oxygen electrode is approximately the same in alkaline and acid, the hydrogen
electrode requires a larger driving force or overpotential in alkaline compared to
acid electrolyte [36].
In contrast to the alkaline based cells, the Polymer Electrolyte Membrane cells,
known as PEM cells, utilize a solid membrane, based on a proton conducting
sulfonated teﬂon polymer. This type of membrane was originally developed by
Dupont in the 1960's and is known as Naﬁonr. Today, many other brands
exist, oﬀering similar membranes with great performance and stability. Using
this type of membrane allows for very thin (Membrane Electrode Assembly down
to 0.5 mm [37]) but mechanically stable electrochemical cells leading to a highly
compact electrolyzer design [38]. Furthermore, the superior ionic conductivity
enables high current densities and low operation temperature facilitates fast
start up times [39]. In ﬁgure 1.14 a comparison between the performances of
the traditional alkaline electrolyzer and a PEM electrolyzer can be seen. They
are compared on the basis of eﬃciency as function of the current density.
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Figure 1.14: Figure showing the operational ranges of two types of electrolyzers.
The voltage eﬃciency is plotted as function of the current density. For traditional
alkaline electrolyzers an eﬃciency between 70 and 80 % means operating between 250
and 500 mA/cm2. Conversely, the PEM electrolyzer can operate in the same eﬃciency
range with current densities between 1500 and 2000 mA/cm2. Data for this ﬁgure has
been adapted from [39].
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It is evident that while both can deliver high eﬃciency (>80 %), the PEM
electrolyzers can do so at currents approximately four times higher. Other
advantages are a simple gas separation due to the solid electrolyte and purity
of hydrogen and oxygen produced [39]. The high current densities in PEM cells
represent a big advantage over the alkaline systems, since very compact systems
can handle a large power range without compromising the eﬃciency. With
more compact systems the cost of other system components becomes lower. A
disadvantage of PEM cells is that the acidic environment limits the number of
stable materials that can be used. Currently only noble metal based materials
are used as electrocatalysts. Not only does this increase the price of the overall
system, it signiﬁcantly limits the scalability due to the scarcity of these elements.
As an example of that, the IEA estimated that 8 % storage capacity should be
installed by 2050, as mentioned above. For 12.5 TW of power generation this
means 1 TW storage. For 1 TW of PEM electrolysis approximately 10 years
of annual production of iridium would be needed and half a year of annual
platinum production just for the electrocatalysts, based on state of the art
electrolyzers reported by Debe et al. [40, 41]. These estimations show that a
search for alternative and abundant catalysts could have a huge impact on the
commercialisation of the technology.
Solid alkaline membranes have emerged as a possible alternative to PEM,
which exhibit some of the advantages from the acidic counterpart [42]. They
can be fabricated very thin and therefore allow for the same type of cell design.
At the same time the alkaline environment means that the selection of electrode
materials are less constrained and abundant elements could be utilized [42].
However, they conduct OH− with a larger resistivity than PEM and currently
the stability and performance in the long term are not satisfactory. Finally,
solid oxide cells operating at high temperature (higher than 600 oC) have been
proposed for large scale electrolysis oﬀering high eﬃciencies [43,44]. This tech-
nology is still in its early stage and it is diﬃcult to assess the potential. The
high temperature leads longer time for start up and greater fabrication costs,
however, there are advantages in fuel diversity and higher tolerance towards fuel
impurities.
1.4 Thesis Outline
The overall focus of this thesis is to investigate alternative catalysts for the
oxygen evolution reaction. Here I will present and discuss the main ﬁndings of
the project.
Chapter 2 will be used for setting the scene in terms of explaining concepts
of catalysis and water splitting. Naturally this thesis is build upon a massive
amount of research done in the ﬁeld over decades and this is useful to keep
in mind. The most important ﬁndings from the literature will therefore be
highlighted and discussed.
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Chapter 3 encompasses experimental methods that have been used through-
out this work. A small introduction to each method will be given along with
how it has been employed here.
Chapter 4 represents the ﬁrst main project. In the ﬁeld of oxygen evolution
new catalysts are reported rapidly but there is often a lack of tests dedicated
to investigating mass loss processes. The aim of this chapter is to highlight the
importance of stability testing for electrocatalysts. Here a viable test protocol
is presented and used for a MnOx thin ﬁlm catalyst.
Chapter 5 introduces a new strategy for stabilization of a non-noble metal
oxygen evolution electrocatalyst. The goal is to operate this catalyst in acidic
environment, where currently only noble metal oxides can be used. As men-
tioned earlier in the introduction, the scale up of PEM electrolyzers suﬀers from
the expensive and scarce materials used as catalysts for oxygen evolution. Our
stabilization strategy is based on blocking the sites responsible for dissolution
and this is tested experimentally for titanium modiﬁed MnO2, prepared with
reactive sputter deposition.
Chapter 6 addresses activity improvements for gold modiﬁed MnO2 as cat-
alyst for the oxygen evolution reaction. On a conceptual basis, reasons for ac-
tivity enhancements reported in the literature are discussed and recent Density
Functional Theory calculations are brieﬂy introduced. From an experimental
approach co-deposited Au-MnOx thin ﬁlms are characterized electrochemically
and with in-situ X-ray Absorption Spectroscopy. A particular focus is put on
the valency of Mn under reaction conditions when gold is present.
Chapter 7 presents the main conclusions described in the previous chapters
and ﬁnally, a small outlook section ﬁnalizes this thesis.
The main papers and manuscripts produced during this project are appended
after the bibliography.
Chapter 2
Electrocatalysis and the
splitting of water
Electrocatalysis can be described as the study of catalysing reactions taking
place at the interface between an electrode and an electrolyte. Already from
this general and simple description it is evident that the ﬁeld is highly inter-
disciplinary and so one must be familiar with both surface science and physical
chemistry. The ultimate goal of electrocatalysis is to optimize the rate of elec-
trochemical reactions by a careful choice of electrode material [45]. In water
electrolysis, the electrochemical generation of hydrogen and oxygen occurs at
such electrodes and their catalytic properties directly aﬀect the eﬃciency of the
process. This chapter serves as an introduction to the catalysis of water elec-
trolysis. Special attention will be given to the oxygen evolution reaction and
the development of ﬁnding catalysts for that reaction until now.
2.1 What is a catalyst?
Before describing the ﬁeld of electrocatalysis, it is useful to have a deﬁnition of
a catalyst. A catalyst increases the rate of a chemical reaction by providing a
surface where the reactants can bind and react to form products with a lower
energy barrier or activation energy [46]. This phenomenon is illustrated in ﬁgure
2.1, where "red-black" and "red-red" reacts to form "red-red-black". In gas or
liquid phase the reaction proceeds slowly due to a high energy barrier despite
the fact that the product has a lower free energy. This is shown in the diagram
to the right in ﬁgure 2.1 as the blue curve. The slow rate is due to a short-lived
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transition state that has a low probability of being formed. If, however, the
reactants bind to a suitable catalytic surface, intermediates are stabilized and
can react with lower energy barriers, shown as the red curve.
Figure 2.1: A cartoon depicting how catalysis works. The blue surface works
to facilitate binding of reactants and intermediates, which can then break and form
bonds. The overall energy barrier for the reaction can be lowered by the use of such
catalytic surfaces. Notice that this simple explanatory ﬁgure is not appropriate for
electrocatalysis, where the reactions can only proceed on electrode surfaces. However,
the nature of the surface interaction is equally important.
As a result, the reaction can proceed at faster rates or the same rate can be
achieved with less energy input. Thermal catalysis provides an intuitive exam-
ple where the energy input is temperature. A new catalyst that decreases the
operating temperature can make a chemical process much cheaper and a chem-
ical plant (more) proﬁtable. This simple explanation highlights the importance
of catalysts and gives an impression of how they work. It is the binding of reac-
tants, intermediates and products to the catalyst surface that lowers the energy
barriers. However, any given surface that binds these species is not necessarily
a good catalyst. In fact, it is crucial that the binding is balanced. This concept
is famously described by the Nobel prize winner Paul Sabatier, who stated that
the interactions between a catalyst and the reactants should be "just right" [47].
If the interaction is too weak reactants will not bind to the surface and no re-
action takes place. If the interaction is too strong either reactants or products
block the catalyst surface, causing little or no reaction to proceed. This concept
has been demonstrated for many reactions and an example is shown in ﬁgure
2.2 with catalysts for electrochemical hydrogen evolution. In this example the
energy of hydrogen adsorption is used as descriptor and the activity has a clear
optimum [48,49].
The left part of ﬁgure 2.2 shows Parson's attempt to quantify and understand
the theoretical basis of the hydrogen evolution reaction, HER, from 1958 [48].
He found that i0, exchange current density used to indicate catalyst activity,
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Figure 2.2: Figures showing the correlation between binding energy and rate of
reaction for Hydrogen Evolution. In the left ﬁgure from [48] predicted exchange current
density for hydrogen evolution is plotted as function of the heat of formation for
hydrogen adsorption. In the ﬁgure to the right from [49], experimental values of
exchange current densities for hydrogen evolution on various metals are plotted as
function of calculated hydrogen binding energies.
should be maximised when the heat of formation for hydrogen on a catalyst
surface is zero. To the right in ﬁgure 2.2 a much later work by Nørskov and
co-workers shows that the hydrogen adsorption energy is a reasonably good
descriptor despite the fact that some of the surfaces in the study oxidise under
reaction conditions [49]. It also turns out that platinum is the best catalyst.
Plots of catalyst activity as a function of one or more descriptors are also called
a volcano plots. In the ﬁeld of catalysis volcano shaped activity plots are used
extensively and identifying a suitable descriptor for a reaction can be seen as
the ﬁrst step towards solid understanding and design principles.
2.2 Thermodynamics of electrode reactions
In electrocatalysis, the primary energy input is the potential diﬀerence over two
electrodes, ∆U . Electrochemical reactions include the transfer of electrons be-
tween the electrode and reactants and the rate of this transfer can be tuned
with ∆U . The electrodes are immersed in an electrolyte which provides ionic
conductivity, due to a high concentration of protons or hydroxide ions. Fur-
thermore, electrochemical reactions are reduction-oxidation, redox, reactions.
They can always be divided into two half reactions, each proceeding at their
respective electrode. The electrode at which oxidation of a reactant occurs is
called the anode, whereas the electrode where a reduction occurs is called the
cathode. The change in Gibbs free energy of formation for a reaction, ∆Gf ,
determines the equilibrium potential, Ucell, for a given electrochemical cell, con-
sisting of two electronically connected electrodes immersed in an electrolyte.
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This is formulated in equation 2.1 [50].
Ucell =
−∆Gf
nF
(2.1)
where Ucell is the equilibrium potential also called reversible open circuit po-
tential of the cell, F is the Faraday constant (96485 C/mol) and n the number
of electrons transferred in the reaction. While this equation holds at standard
conditions, the change in Gibbs free energy for a reaction vary with temper-
ature and pressure. This variation can be calculated for the general reaction
jJ + kK → mM as
∆Gf = ∆G
0
f −RT ln(
ajJ · akK
amM
) (2.2)
where ∆G0f is the change in Gibbs free energy at standard conditions, R the
gas constant, T the temperature and a denotes reactant activity; a = PP0 . P
is partial pressure and P0 the standard pressure, 1 atm. Combining equation
2.1 and 2.2 gives the Nernst equation which relates the reversible open circuit
potential to temperature and pressure (equation 2.3).
Ucell = U
0
cell −
RT
nF
ln(
ajJ · akK
amM
) (2.3)
With these equations it is possible to evaluate the minimum potential diﬀerence
needed to run a non-spontaneous reaction in an electrochemical cell, or similarly
the maximum potential diﬀerence generated by a spontaneous reaction. How-
ever, the actual operating potentials, ∆U of such cells are typically signiﬁcantly
diﬀerent from Ucell. The components of the operating voltage are the following:
∆U = Ucell ± η ±∆UΩ ±∆Ut (2.4)
In equation 2.4 "±" should be "+" for power consuming cells where non-
spontaneous reactions are driven, whereas "−" should be used for power gen-
erating cells. η denotes the overpotential needed to drive the reaction when
current is ﬂowing due to non-ideal kinetics at the electrode interface. ∆UΩ is
the loss of potential diﬀerence due to resistance losses in the system and ﬁnally
∆Ut is the potential increase or decrease over time. Electrocatalysis deals with
decreasing η by ﬁnding the best suited electrode material. The theoretical re-
lation between overpotential η and current j is described in the Butler-Volmer
equation:
j = j0
[
exp
(1− α)nFη
RT
− exp αnFη
RT
]
(2.5)
In equation 2.5 j0 is the exchange current density and α is a symmetry factor.
The exchange current density is a quantity that deﬁnes the current ﬂowing
2.3 Water splitting in electrolyzers 21
in both directions when a reaction is in equilibrium. From equation 2.5 it
is evident that a high i0 results in higher currents for a given η. It is also
noteworthy that the current is exponentially dependent on overpotential, η.
At high overpotentials one of the two exponentials in equation 2.12 becomes
negligible and a simpler version can be formulated. In semilogarithmic form
this version is known as Tafel lines. Brieﬂy, Tafel slopes indicate the change in
potential for a ten-fold increase in current. From this deﬁnition it is obvious
that lower Tafel slopes are desirable. Traditionally, electrochemical experiments
have been conducted with the aim of determining the Tafel slope of reactions
on speciﬁc electrode materials. It is commonplace in the literature to use Tafel
slopes to phenomenologically deduce a reaction mechanism [51]. However, this
requires several loaded assumptions, including the value of a symmetry factor,
an adsorption isotherm, etc. Consequently I chose not to use such an approach
for this thesis.
2.3 Water splitting in electrolyzers
Electrolysis is a general term describing the process of driving a non-spontaneous
electrochemical reaction by applying a potential over two electrodes. This is in
contrast to a potential diﬀerence generated from a spontaneous electrochemical
reaction like in the case of fuel cells. In water electrolysis hydrogen and oxygen
gasses are generated from water.
2H2O (liquid)→ 2H2 (gas) + O2 (gas) (2.6)
This is an energy demanding reaction with a change in Gibbs free energy of
237.2 kJ/mol at standard conditions. If this is done in an electrochemical cell,
an electrolyzer, a potential diﬀerence of 1.23 V is required at room temperature
and standard pressure. As discussed above, for any signiﬁcant current a higher
potential has to be applied in terms of overpotential and resistance losses. The
eﬃciency of such a process is typically deﬁned from the change in enthalpy of
the reaction. The enthalpy can be taken for either water as a liquid (higher
heating value, HHV, equivalent of 1.48 V) or as a gas (lower heating value,
LHV, equivalent of 1.25 V) [50].
eﬃciency =
1.48V
Vc
(2.7)
where Vc is the cell voltage. Note that for electrolyzers using the HHV results
in higher eﬃciencies while for fuels cells in lower. The overall reaction can be
split into half reactions, formulated in 2.9 and 2.8 for an acidic electrolyte.
4H+ + 4e− → 2H2 (gas) Hydrogen Evolution (2.8)
2H2O (liquid)→ O2 (gas) + 4H+ + 4e− Oxygen Evolution (2.9)
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These two half reactions will be treated more carefully in the following subsec-
tions.
2.4 Hydrogen Evolution
The electrolytic evolution of hydrogen gas is one of the most, if not the most,
studied electrochemical reactions throughout the history of electrochemistry as
a research ﬁeld. In fact, fundamental studies on hydrogen evolution has helped
shape the modern understanding of electrochemical processes. It is a rather
simple two electron transfer process where protons are reduced to form molecular
hydrogen. The overall reaction in acid can be written as:
2H+ (aq) + 2e− → H2 (gas) (2.10)
The equilibrium potential of this reaction is 0 V using the conventional elec-
trochemical potential scale. In acidic environment, the reaction can be further
split up into the following reaction steps:
H+ (aq) + e−+∗ → H∗ (Volmer) (2.11)
2H∗ → H2 (gas) + 2∗ (Tafel) (2.12)
H∗ + e− + H+ → H2 (gas) +∗ (Heyrovsky) (2.13)
While it is commonly accepted that the ﬁrst step is the Volmer process, it
has proven diﬃcult to understand whether the Tafel or Heyrovsky mechanism
dominates [52]. Studies from Markovic et al. have shown experimentally that
the surface structure plays a large role in which mechanism dominates. The
Tafel step takes place on Pt(110) and Heyrovsky on Pt(100) [53]. However, for
polycrystalline surfaces it is diﬃcult to assess experimentally through kinetic
measurements alone [54]. Despite this ambiguity in the understanding of hydro-
gen evolution there is only one intermediate, which is adsorbed hydrogen, H∗.
The binding between a surface and this intermediate has turned out to be an
exceptionally good descriptor for identifying active catalysts [48, 49, 52, 5557].
The best known catalyst for the reaction is platinum which can catalyse the
reaction at negligible overpotentials. Work done by Neyerlin et al. shows that
with overpotentials down to 50 mV a current density of more than 1 A/cm2 can
be reached even for a loading as low as 50µgPt/cm2 [58]. It should also be noted
that hydrogen evolution is signiﬁcantly faster in acid compared to alkaline. This
was shown in a study by Sheng et al., where systematic rotating disk electrode
measurements were used to elucidate the diﬀerences between HER in acid and
alkaline [36]. In alkaline the overpotential needed to reach around 1.5 A/cm2
is at least 100 mV higher than the same reaction in acid. An overview of the
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range of active catalysts available for HER can be found in ﬁgure 2.3a and b for
both acid and alkaline electrolytes.
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Figure 2.3: An overview of catalyst materials for HER. The logarithmic of the
current density is plotted as function of overpotential. a) Catalysts tested in acidic
solutions. Pt pc is from [36]. Pt/C in MEA is from [58]. IrO2 and RuO2 are ﬁlms
from [59]. CoP is from [60]. MoSx on CNTs is from [61]. Ni2P is from [62]. Mo2C
CNTs is from [63]. [Mo3S13]−2 cluster is from [64]. MoS2 nanowire is from [65]. Ni
crystal is from [66]. Rh, Mo and Au wires are from [67]. Co, Cr and V wires are
from [68]. Al wire is from [69]. b) Catalysts tested in alkaline solutions. CoNiMo is
from [70]. NiMo nanopowders is from [71]. Pt/C and Pt3Ni/C nanoframes/Ni(OH)2
are from [72]. Ni2P is from [62]. Pd pc, Ni pc, Fe pc, Co pc, W pc, Au pc, Ag pc and
Cu pc are from [73].
2.5 Oxygen Evolution
Compared to HER the oxygen evolution reaction, OER, is more complex and in-
volves several intermediates. As discussed in the previous section, the hydrogen
electrode in an electrolyzer can run at appreciable current densities with lower
than 50 mV overpotential using a very low amount of platinum. This is far
from the situation at the oxygen electrode which imposes a large overpotential,
more than 300 mV, at signiﬁcant currents with a high loading of even the best
catalysts. While 1.23 VRHE is already highly oxidising, the substantial overpo-
tential makes matters worse so that the selection of stable materials available
for this electrode is rather narrow. For these reasons it has long been recognised
as a great challenge in electrochemistry to ﬁnd new active and stable catalysts
for this reaction [74,75]. In fact, a number of electrochemical processes besides
water electrolysis depends on the oxygen evolution reaction including CO2 and
CO reduction, photoelectrochemical water splitting, electrowinning of metals
and metal-air batteries. In this section an overview of the developments in the
ﬁeld of fundamental research for OER will be given.
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The ﬁrst attempts at understanding OER were made in the 1940's and 50's
with, among others, Hickling [76], Rütschi [77] and later Bockris [78] reporting
experiments with various electrode materials. The conclusions from the work of
Hickling and Hill describe the diﬃculties in comparing the activities of diﬀerent
materials due to large variance in Tafel slope dependent on current density and
measurement procedure. These issues are still haunting researchers today where
the comparison of electrode materials from diﬀerent groups is complicated by
diﬀerent preparation and experimental methods. Hickling and Hill tested twelve
metals as anodes and for all of them substantial overpotentials were needed to
drive the reaction. Some of these results can be seen in ﬁgure 2.4, where the
overpotentials needed to reach 10 mA/cm2 for seven electrode materials are
shown.
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Figure 2.4: Comparison of overpotentials needed to drive 10 mA/cm2 dependent
on the choice of electrode material. The data is taken from [76] and represents one
of the ﬁrst attempts at systematically identifying a good catalyst for OER. The mea-
surements were conducted at room temperature and in 1N KOH.
With the results from Hickling and Hill in 1946 the scene was set to understand
why some metals were much more active than others. In the 1950's the ﬁrst
reports were therefore focused on plotting the activity as a function of various
material properties such as lattice spacing or bond strength between metal and
hydroxide ions, M-OH [77]. The latter descriptor was somewhat successful but
it largely depended on the way the M-OH binding was calculated. However, it
seemed evident that the interaction between an oxygen species and the metal was
key to understanding the catalytic activity. In the 1960's, work by Winter [79],
Boreskov [80] and Klier [81] added to the understanding of the metal-oxygen
interaction, oxide to higher oxide formation and oxygen exchange on oxides.
Nevertheless, it wasn't until 1980 that the knowledge of oxides was successfully
combined with measurements of OER activity. This approach was famously
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reported by Trasatti who constructed a volcano shaped activity plot based on
the heat of transition from lower to higher oxide [82]. The impact of this report
lies in the fact that oxide and not metallic properties are related to activity,
which better reﬂect the electrode interface at the reaction conditions. At the
same time the volcano plot suggests that an optimum at a speciﬁc formation
energy exists so that experimentalists are provided with a design principle. In
ﬁgure 2.5a reproduction of the analysis by Trasatti is shown, where the OER
overpotential is plotted as a function of heat of transition from lower oxide to
higher, ∆H0t .
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Figure 2.5: Volcano plot showing the overpotential for reaching approximately 1
mA/cm2 for OER as a function of the heat of oxide transition ∆H0t . The data is
digitized from [82] and only acidic measurements are included. Note that the for
RuO2, PtO2, IrO2, PbO2 and MnO2 the transition from III to IV oxidation state
is considered, while for Ni2O3, Co3O4 and Fe3O4 the II to III. Furthermore, in the
original volcano plot 1-3 values of overpotential are shown for each compound. For
simplicity, only the overpotentials which ﬁts the trend are shown here.
Later in the 1980's Bockris and Otagawa extended the understanding of oxides
for OER by systematically investigating a series of perovskite materials based
on Co, Fe, Ni and Mn [83]. A number of descriptors were investigated such
as number of d-band electrons, heat of formation for the corresponding metal
hydroxide, magnetic moment and stability limits.
In parallel with the scientiﬁc communities' eﬀorts to understand the con-
cepts behind OER activity, an important discovery had been made in one of the
industrial research laboratories. Henry Beer had invented the so called Dimen-
sionally Stable Anodes, DSAr, [45, 84], which were used with great success in
the industrially important chlorine evolution process. The DSAsr were made
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by thermal decomposition of metallic precursors on a titanium substrate, re-
sulting in conductive mixed oxides. The active components of the oxides were
Ru and Ir and they were mixed with Sn, Ta and Ti for better stability and
selectivity. These electrodes were, as their name suggests, more stable under
reaction conditions compared to the graphite anodes originally used for chlorine
evolution. DSAsr also found use as OER electrodes, due to the high activity of
Ru and Ir, and are still considered the state of the art for electrolysis in acidic
environment [75,85,86].
2.5.1 Theoretical model for Oxygen evolution
These early reports have greatly inspired modern research eﬀorts in describing
the OER activity of metals and oxides. On the theoretical side developments
in computational power and methodology have greatly aided the understanding
of catalysis in general [49, 87]. For oxygen electrocatalysis a large step towards
understanding oxygen reduction was reported by Nørskov and co-workers in
2004 [88]. They used a simple linear free energy model to relate the overpotential
to the binding energies of intermediates. This model was later used to describe
the OER on both metallic and oxide surfaces by Rossmeisl et al. [89, 90]. At
this point it is useful to look into the reaction mechanism of OER. Several
reaction mechanisms have been proposed but here we will consider one of the
most common, which is also the one used in the free energy models. In acidic
solution it can be written in the following way [89]. First a water molecule is
dissociated into an adsorbed hydroxide and a solvated proton.
H2O+∗ → HO∗ + H+ + e− (2.14)
The hydroxide is further oxidised to adsorbed atomic oxygen.
HO∗ + H+ + e− → O∗ + 2(H+ + e−) (2.15)
From the adsorbed oxygen atom and a water molecule a superoxide, *OOH, can
be formed
H2O + O
∗ + 2(H+ + e−)→ HOO∗ + 3(H+ + e−) (2.16)
Finally, molecular oxygen is formed and leaves the surface.
HOO∗ → O2(gas) + 4(H+ + e−)+∗ (2.17)
In these equations ∗ denotes an active surface site. In alkaline environment the
reaction mechanism looks slightly diﬀerent but the intermediates are the same.
4OH− → OH∗ + 3OH− + e− (2.18)
OH∗ + 3OH− + e− → O∗ + H2O + 2OH− + 2e− (2.19)
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O∗ + H2O + 2OH− + 2e− → HOO∗ + H2O + OH− + 3e− (2.20)
HOO∗ + H2O + OH− + 3e− → O2 + 2H2O + 4e− (2.21)
The binding energies of the intermediates, O∗, OH∗ and OOH∗ are central
to the model put forward by Rossmeisl and co-workers. Using the quantum
mechanical method Density Functional Theory, DFT, it is possible to calculate
these energies on various surfaces such as metals and metal oxides. From the
binding energies each step in the reaction mechanism can be evaluated and for a
reaction step to be thermodynamically allowed the change in free energy should
be zero or negative. When all steps are zero or downhill in energy the reaction
can run at "signiﬁcant" rates. The calculations are summarized in free energy
diagrams as shown in ﬁgure 2.6, where a rutile (110) RuO2 surface is used as
catalytic surface.
Figure 2.6: Free energy diagram for the oxygen evolution reaction based on the
binding of intermediates to a rutile RuO2 surface, shown for 0, 1.23 and 1.6 V. At the
equilibrium potential, 1.23 V the ﬁrst three steps are still not energetically favorable,
which means that an extra overpotential is needed for the reaction to proceed at
signiﬁcant rates. Figure taken from [90].
The free energy proﬁle of the reaction taking place at U= 0 V has all steps
going uphill in energy and the ﬁnal step is 4.92 V higher than the beginning.
This value ﬁts with the total energy needed to split water, which has so far been
stated as 1.23 V per electron. When the potential is increased to 1.23 V it turns
out that the energy proﬁle is not ﬂat, but instead three out of four steps are
still uphill in energy. In fact, to get all steps ﬂat or downhill it requires 1.60
V. For the ideal catalyst all steps would require 1.23 V to become ﬂat. The
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last step that becomes ﬂat for RuO2 is the third which includes the formation
of ∗OOH. For RuO2 it was therefore concluded that the third step is potential
determining, since the binding to ∗OOH is slightly too weak. It should be
noted that energy barriers for each step are not directly taken into account.
The thermodynamic analysis was also extended to predicting a volcano shaped
activity plot based on a single descriptor, the binding to oxygen. This was
justiﬁed based on the apparent correlation between binding energies for similar
intermediates. Later it has been found that Brøndsted-Evans-Polanyi relations
exists for the oxygen intermediates of OER on several surfaces, such as metals
and oxides [91]. These relations correlate the energy of formation for transition
states to the overall thermodynamic change in free energy of a reaction step
[92, 93]. In other words, the energy barriers associated with a reaction can be
described as a linear function of the change in free energy. With the DFT
method and thermodynamic analysis in place a natural step forward was to
extend the calculations to a large variety of materials. From such calculations
universal scaling relations emerged [56,9497]. Scaling relations provide a simple
correlation between the binding energy of similar adsorbates independently from
the surface. In this way the binding energies of ∗OH or ∗OOH are correlated
to the binding energy of ∗O. By averaging over a large number of oxides it was
found that the adsorption energy of ∗OOH, ∆E*OOH , could be described as a
function of ∆E*OH in the following equation:
∆E*OOH = ∆E*OH + 3.2 eV (2.22)
Independently of the nature of the oxides there is a constant oﬀset of 3.2 eV
between step 1 (equation 2.14) and step 3 (equation 2.16) in the reaction mech-
anism. For the ideal catalyst this diﬀerence is 2.46 eV, since two electrons and
protons are transferred from step 1 to 3. The discrepancy between the ideal
catalyst and the best possible catalyst following these scaling relations is 0.74
eV or 0.37 eV per step which is close to the predicted overpotential of RuO2.
Notice that even though the oﬀset is the same for all of the oxides it doesn't
mean that they are all as good as RuO2. The predicted overpotential of 0.37 V
only results from optimal splitting of the 3.2 eV oﬀset into two steps and there-
fore the 0.37 V is a minimum overpotential. For OER catalysis it is therefore
seemingly impossible to ﬁnd a simple surface with the ideal binding energies to
all intermediates. This limitation is shown in ﬁgure 2.7, where the theoretically
predicted overpotential is shown for various oxides as a function of a single de-
scriptor [94]. The descriptor in this case is the diﬀerence in Gibbs free energy
for ∗O and ∗OH adsorption. While these theoretically predicted overpotentials
relate to a thermodynamic allowance of the reaction, the comparison to experi-
mental current densities is not straightforward. However, the trends found from
such analyses are in good agreement with experiments and, in fact, the overpo-
tential needed to drive 10 mA/cm2 on ﬂat surfaces match to the theory within
100-200 mV for most materials [75,94].
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Figure 2.7: Volcano shaped activity plot for oxygen evolution on various oxide
surfaces. The activity is shown as overpotential needed for all reaction steps to be
downhill in energy, which is then plotted as function of the diﬀerence in free energy
for step 1 and 3, ∆G0O∗ −∆G0HO∗ . The points are calculated values for the indicated
surfaces, while the solid lines are derived from scaling relations between the OER
intermediates. The ﬁgure is from [98].
2.5.2 Recent experimental advances
With theory and experiments in good agreement, it is evident that RuO2 is a
unique catalyst for OER, which has been shown in several studies [40, 99101].
Unfortunately, as it has been mentioned earlier, ruthenium is a scarce element
produced as a by-product in platinum extraction. It is therefore problematic
to use for technologies that are to be scaled up to the terawatt level [102]. At
the same time the stability of RuOx based electrodes have turned out to be
unsatisfactory for long lifetime of electrolyzers and many commercial anodes for
electrolysis instead use iridium or mixtures of the two [41,103]. Iridium is even
more scarce and therefore a search for alternative catalysts has long been the
focus in the research ﬁeld. The experimental progress can be divided into eﬀorts
aimed at acidic electrolytes and eﬀorts aimed at alkaline electrolytes.
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In acidic electrolyte, relevant for PEM cells, most experimental studies are
focused on understanding and improving the noble metal oxides, RuOx and
IrOx. In a study by Reier et al. Ru, Ir and Pt electrodes were studied for
activity towards OER [100]. They paid special attention to the electrochemical
active surface area which was determined by CO adsorption prior to activity
measurement. Here it should be noted that addressing the electrochemical sur-
face area for oxides is not well established due to a lack of accurate methods [74].
However, for metallic surfaces it can be done with high precision; to a ﬁrst de-
gree the electrochemically formed oxide area should not vary much from the
initial metallic. On this basis Ru outperformed Ir and Pt. At the same time
it was also evident that Ru nanoparticles were too unstable under the reaction
conditions. This can be seen in ﬁgure 2.8 where the activity is normalised to
the amount of CO adsorbed.
Figure 2.8: Comparison of results for anodic polarisation of Ru, Ir and Pt poly-
crystalline disks (bulk) and nanoparticles. Ru is shown in black, Ir in red and Pt in
blue. Bulk measurements are indicated with dashed lines while nanoparticles are in
solid lines. The current is normalised with the amount of CO adsorbed on the surface,
based on electrochemical CO stripping. Figure taken from [100].
Since the activity of RuOx based catalysts is high compared to other oxides, it
is interesting to investigate whether further activity enhancements are possible.
It has indeed been shown to be the case in various studies, where especially
mixtures with Ni or Co stand out [104107]. A theoretical model explaining
these enhancements has recently been proposed on the basis of an extended
thermodynamical analysis [108]. In this model the adsorption of ∗OOH, which
was shown to be a limiting factor, can be stabilized by introducing a hydrogen
acceptor close to the catalytic site. If this acceptor can retrieve the hydrogen
atom from ∗OOH (and regenerate) at potentials close to OER, the overpoten-
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tial could be decreased for surfaces that are limited by a too weak adsorption
of ∗OOH compared to ∗OH. Essentially, a selective stabilization of OOH by
immediate splitting into adsorbed H and O2 is proposed to occur on active Ru
sites with an oxidised Ni or Co site as neighbour.
Just as it can be complicated to compare Tafel slopes from diﬀerent materials
prepared diﬀerently, it can be quite diﬃcult to document activity enhancements
from mixed oxides appropriately. First, it is important that the pure oxide is
actually performing as good as possible, which is why proper benchmarking
is critical [109, 110]. Second, the reason for improvements can be manifold.
Depending on preparation method a big contributor is increase in surface area,
which changes the current measured directly. Other examples are increase in
conductivity and change in electrode-electrolyte interface [111,112].
In order to better understand the inﬂuence of surface structure on catalytic
activity, single crystal studies have proven very useful for investigations of the
oxygen reduction reaction [113119]. However, this is not trivial for OER due
to diﬃculties in preparation of oxide single crystals and reconstruction tak-
ing place under reaction conditions [120]. From a report by Trasatti and co-
workers in 1986, early works on geometric eﬀects are analysed [121] and it was
argued that polycrystalline and single crystal studies often suﬀer from poor
characterization of the surface structure during reaction conditions. From their
own electrochemical experiments the (110) surface of rutile RuO2 exhibited
a change in Tafel slope as a function of the overpotential and a roughening
of the surface during testing. Unfortunately, that study did not include any
surface science methods to conﬁrm the expected crystalline orientation. The
overall goal of these early studies was to map out Tafel slopes as a function of
the surface structure. This phenomenological approach, although theoretically
valid, have achieved little success in OER due to diﬃculties in reproducibil-
ity for similar materials across diﬀerent research groups. More recent studies
have focused on systematically preparing comparative surfaces, exempliﬁed by
work from Shao-Horn and co-workers, who compared the activity of (110) and
(100) oriented surfaces on rutile RuO2 and IrO2 [122]. They found that the
more open (100) surfaces on both RuO2 and IrO2 exhibited increase in ac-
tivity over the (110) orientation. They argue that it could be related to a
higher surface density of coordinatively undersaturated metal sites, CUS, which
Rossmeisl et al proposed to be the active site [90]. It should here be noted
that those experiments were performed in alkaline solution. There is much
to learn from studying well-deﬁned surfaces of RuO2 and IrO2 which are the
state of the art catalysts. It is particularly valuable to use such experimental
evidence of active sites as input for more accurate and realistic DFT calcula-
tions. If a close agreement between theory and experiments can be established
the insight gained could accelerate rational design of oxygen evolution catalysts.
In practical devices the catalyst has to be nanostructured to maximise the sur-
face area and minimise catalyst loading. For Ru and Ir based catalysts it is
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therefore compelling to investigate the activity of well deﬁned nanoparticles.
Compared to the opposite reaction ORR where there is a large amount of work
in this area [123129], there are only few studies available for OER [105, 130].
From those experiments it was suggested that changing the size from 45 to 15 nm
lead to increased current densities for OER. Investigations of particle size eﬀects
are related to which facets or sites that are active, and a decrease in particle
size generally leads to a higher fraction of undercoordinated sites vs. ﬂat terrace
sites. According to DFT calculations the binding to intermediates on ﬂat terrace
sites results in activity trends that match experimental values [90, 94, 131, 132].
The binding on undercoordinated sites are instead expected to be radically dif-
ferent [133] and would not be expected to play a dominant role in the reaction.
From such considerations it is expected that smaller particles exhibit lower spe-
ciﬁc activity, but possibly higher mass activity [40]. Another related research
eﬀort is focused on substituting the noble metal core with a more abundant
element, while keeping the activity constant. This has been done successfully
for IrNi nanoparticles by Strasser and co-workers [134136]. IrNi3.3 particles
exhibited a mass activity 10 times higher than rutile IrO2 particles. The re-
cent eﬀorts for ﬁnding better OER catalysts in acid is summarized in ﬁgure
2.9, where the current is normalised to geometric surface area. It is clear from
this plot that only noble metal oxides are considered and currently no other
materials are being reported as alternatives.
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Figure 2.9: Overview plot of recent studies on OER catalysts tested in acidic me-
dia. Ru polycrystalline sample (pc), Ru NP, Ir pc and Pt pc are from [100]. PtIr
NanoStructured Thin Film (NSTF) is from [41]. Ru70Ir30 NP and Ru60Co40 NP are
from [106]. IrNi3.3 is from [134]. Ir-ND/ATO (antimony-doped tin oxide) is from [136].
RuO2 NP and IrO2 NP are from [101], where the current is normalised to an area es-
timated from particle size analyses, indicated by #. Sputtered RuO2 is from [137],
which is appended as paper I.
2.5.2.1 Progress in alkaline media
A far larger group of materials can withstand the reaction conditions in alkaline
electrolytes. This is quickly realized by scanning through the Pourbaix diagrams
of the elements, where most stable compounds are shown as function of pH and
electrochemical potential [138]. A renewed interest in perovskite materials has
been taken by the group of Shao-Horn, who tested a set of oxides with the
aim of ﬁnding design principles for activity towards OER [139]. Inspired by
the earlier work of Bockris and co-workers [83], they attempted to identify a
suitable bulk property that could relate to the OER activity of a group of
perovskites. They successfully constructed a volcano shaped activity plot based
on the ﬁlling of the eg band and identiﬁed Ba0.5Sr0.5Co0.8Fe0.2O3−x as a highly
active catalyst. The eg band ﬁlling was argued to be a suitable descriptor for
OER due to strong overlap of this particular orbital with the oxygen adsorbate
orbital. Thus, the eg band ﬁlling should have a direct implication in the charge
transfer from electrode to adsorbate and inﬂuence the binding strength. An
optimum eg band ﬁlling of 1 was proposed. Due to diﬃculties in measuring and
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calculating the eg band ﬁlling, Grimaud et al. later reported a similar ﬁnding
where the O p-band center was used to describe the OER activity of double
perovskites such as Pr0.5Ba0.5CoO3−δ [140]. This descriptor could be found from
DFT calculations and compared to oxidation state found with chemical titration
techniques. In ﬁgure 2.10 the results of this work can be seen as a volcano shaped
plot, indicating an optimum O p-band center of -1.7 eV relative to the Fermi
level, EF . With a higher O p-band center the oxides tend to become amorphous
during OER testing, which was the case for Ba0.5Sr0.5Co0.8Fe0.2O3−x [141].
Figure 2.10: Volcano shaped activity plot for a range of perovskites. The activity
is shown as the potential needed to reach 0.5 mA/cm2 as function of the computed
O p-band center. In the left side of the ﬁgure there are stable perovskite materials,
which improve in activity as the O p-band center inceases. For high O p-bands some
perovskite have been observed to become amorphous. The data is reproduced from
[140].
Parallel to these eﬀorts of relating bulk oxide properties to OER activity,
other groups have focused on nickel or cobalt based catalysts [142] where es-
pecially Ni hydroxides mixed with iron have proven relevant. Boettcher and
co-workers have measured on a range of electrodeposited transition metal ox-
ides and found 2 nm thick Ni0.9Fe0.1Ox able to reach 10 mA/cm2 at only 340
mV overpotential. The advantage of measuring such thin ﬁlms is that almost all
the material can be considered active and roughness will not play a large role. A
disadvantage is that it is challenging to characterize such thin layers and there
could be a large dependence on interaction with the substrate. However, similar
activities were reported by other groups [109,143146]. Interestingly, Boettcher
and co-workers later reported that pure NiOx is not very active on its own but,
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due to inherent iron contamination from alkaline solutions and glassware, most
Ni electrodes are in fact doped with iron [147]. This has spurred further in-
vestigations into mixed nickel-iron oxides. Friebel et al. used a combination
of X-ray Absorption Spectroscopy, electrochemical measurements and DFT cal-
culations to propose a model explaining the activity of mixed NiFeOx [148].
Contrary to the common understanding that Ni provide the active site, they
argue that highly active Fe-sites in a Ni hydroxide matrix are responsible for
the low overpotential of these mixed catalysts. The X-ray Absorption technique
is particularly useful in combination with DFT calculations since it allows for a
very accurate determination of both oxidation state and local structure of the
metal atoms, which can then be used as input in the calculations. Furthermore,
the bad performance of pure iron hydroxides is argued to be due to bad con-
ductivity of γ-FeOOH. A similar conclusion was reached in a study on mixed
cobalt-iron hydroxides, from Burke et al. For this material addition of iron leads
to improvements in activity up to around 50 % Fe content, after which phase
separation and bad conductivity seemingly lead to a decrease. The primary
methods employed by Burke et al. are electrochemical measurements on elec-
trodeposited samples combined with in-situ studies of the potential dependent
resistivity.
These studies mark an interesting new era in electrocatalysis, where new
understanding arises from combinations of methods, rather than phenomeno-
logically relying on pure electrochemical parameters such as Tafel slope and
exchange current density. An additional focus point in the ﬁeld of OER is the
benchmarking of a large range of materials to allow for better comparison. Es-
pecially the Joint Center for Artiﬁcial Photosynthesis, JCAP, stands out in this
aspect with dedicated groups working on comparing catalysts for both HER
and OER [109, 110]. In two comprehensive studies McCrory et al. test a large
number of catalysts with a simple electrochemical protocol. The primary param-
eters resulting from the protocol are overpotential needed to reach 10 mA/cm2,
roughness factor based on pseudocapacitance, Faradaic eﬃciency and change in
activity after 2 hours. It should be noted that even though almost all known
catalysts are tested, only Ru, Ir and Pt are active in acidic environment. To
sum up this section of the most active catalysts for OER in alkaline environment
a uniﬁed Tafel is shown in ﬁgure 2.11.
2.5.2.2 Manganese based OER catalysts
Manganese based catalysts for OER represent another interesting case, which
in many studies has been inspired by nature [151, 153155]. This is due to the
manganese-calcium complex responsible for the turnover of molecular oxygen in
photosystem II. Manganese is also an extremely abundant element, among the
most available transition metals, and it is considered environmentally friendly
[102,156,157]. Finally, it is one of the few transition metal oxides with a stable
solid phase in the OER relevant potential region in acidic conditions that is also
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Figure 2.11: Overview plot of recent experiments with OER catalysts tested in
alkaline media. Ni0.78Fe0.22(OH)2 is from [149], Fe0.3Co0.3Ni3Ox is from [144], RuO2-
Ni is from [104], Pr0.5Ba0.5CoO3−δ is from [140], Ni0.95Fe0.05(OH)2 is from [147],
Ni0.9Fe0.1Ox is from [150], Ir/C is from [151], BSCF is from [139], RuO2(100) is from
[122], Co3O4 is from [152] and Mn2O3 E-dep is from [151]. Sputtered RuOx and MnOx
is from this project. # denotes that the surface area is evaluated from particle size
analysis instead of geometric.
catalytically active [138].
Some of the ﬁrst manganese based OER catalysts to be reported were made with
thermal decomposition, inspired by the success of DSAsr, by Morita et al. in
1977-79 [158160]. It was concluded that both β-MnO2 and α-Mn2O3, on either
Ti or Pt, and their mixtures could be used as anodes for oxygen evolution, even
though they were inferior to RuO2 based electrodes. The electrodes were tested
in both acid and alkaline electrolytes. Ti substrates yielded better adhesion for
the catalyst, while using a Pt substrate resulted in better conductivity. It was
further speculated that oxygen vacancies in the catalyst layer provide the nec-
essary conductivity, which decreases upon prolonged oxidation of the electrode
due to an increase of oxygen content. This eﬀect could be responsible for a slow
deactivation of the catalyst activity when measured at high current density or
potential over time. The existence of various Mn oxides (MnO, Mn3O4, Mn2O3,
MnO2 and several diﬀerent crystalline phases) has also lead to studies on the
inﬂuence of the initial oxide on the OER activity, so-called structure-activity
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relations [153, 156, 161163]. In some reports Mn in a +3 state was concluded
superior in terms of activity [162166]. This view is supported by characteriza-
tions of Mn oxides before and in some instances after electrochemical testing.
In a study from Su et al. surface stability of Mn oxides together with binding
energies to the OER intermediates were evaluated using a combination of DFT
and electrochemical measurements [131]. The DFT calculations suggested that
at OER relevant potentials the MnO2 phase was most stable, which is consis-
tent with the bulk stability regions found in the Pourbaix diagram [138]. It is
therefore unlikely that a +3 state of Mn would persist at the electrode surface
at highly anodic potentials. Instead, it is likely that the preparation method
and the resulting roughness or conductivity of the catalyst play a large role
in determining an activity hierarchy. However, to elucidate the dependence on
oxidation state in-situ techniques must be used so that the surface can be char-
acterised under reaction conditions. Such studies are at this time not available
for Mn based OER catalysts. A selection of active Mn based OER catalysts is
shown in ﬁgure 2.12 as a Tafel plot. From that plot it is evident that even with
one type of material, e.g. Mn oxides, the range of measured activities is rather
large.
Figure 2.12: Overview plot of recent experiments with Mn based OER catalysts
tested in various electrolytes. The Rough MnO2 measurements in pH 0 (red) and 14
(magenta) are from [158], the MnOx ALD (teal) is from [167], the Mn2O3 (purple) is
from [151], the MnOx (green) tested in pH 7 is from [168] and the MnOx tested in pH
4 (blue) is from [165]. A RuO2 thin ﬁlm from [137] is shown as a black star.
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2.5.3 Catalyst stability
In the previous sections it has been brieﬂy mentioned that the OER catalysts
have to survive in extremely harsh and oxidising conditions. It is therefore of
utmost importance that new and active catalysts are actually stable in those
conditions for an extended amount of time. However, while searching for new
materials long term testing is not often a focus point and instead many groups
turn to shorter electrochemical tests (2-24 hours) at either constant potential
or constant current density. The question is whether these tests reveal any
stability that can be extrapolated to the long term. A pure electrochemical test
at constant current density have traditionally been the standard [109]. This type
of test is justiﬁed by the operation mode such a catalyst would typically work
under in an actual device. A certain amount of hydrogen is needed or a certain
amount of energy is used and the electrolyzer is therefore likely to operate under
constant current density. If the catalyst deactivates over time it leads to an
increase in the applied potential in order to reach the constant current density.
However, since the current is exponentially dependent on the overpotential small
changes in potential lead to huge changes in current. So when measuring the
potential at constant current the changes are normally within 50 mV, which
may be judged acceptable from the researchers point of view. This type of
test does not inform the researcher about any speciﬁc changes in the catalyst
structure, purity or electrode thickness. More importantly it does not reveal
when a complete loss of the catalyst material will occur. Such information must
be analysed with other means which is the topic of this section.
Recently, stability tests have received increased attention in the ﬁeld of OER,
likely inspired by the importance that stability plays in the evaluation of ORR
catalysts [169174]. For Pt based ORR catalysts a typical accelerated stability
test consists of 10000 cycles in a relevant potential range after which the loss of
activity is reported [175177]. The ORR proceeds at potentials where Pt is ther-
modynamically stable but the start-stop conditions in fuel cells can cause surface
oxidation followed by reduction, resulting in loss of platinum [173]. Conversely,
for OER catalysts many materials are prepared in a state that is not thermody-
namically stable at potentials higher than 1.6 VRHE. For prolonged operation
at high current densities the surface is bound to change structure and this can
lead to a loss of catalyst material. Such eﬀects have been elegantly shown for
a selection of noble metal oxides by Cherevko et al. [178180]. In those stud-
ies an online Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) system
is used to measure corrosion products while the catalysts are under potential
control. A short introduction to ICP-MS can be found in section 3.4.2. The
results can be seen in ﬁgure 2.13 for Ru, Ir, Pt and Au, where dissolution rates
and voltammetric proﬁles are shown. The potential is slowly scanned between
0 and 1.5 VRHE, while the dissolved species are measured with the ICP-MS.
Notice that for Ru the dissolution occurs solely at the peak potential whereas
it is stable at all other potentials. This is in contrast to the other three metals,
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which all dissolve upon reduction, although at a much lower rate compared to
Ru.
Figure 2.13: Figure showing the stability of Ru, Ir, Pt and Au under OER reaction
conditions, from top to bottom respectively. The mass losses are measured with online
Inductively Coupled Plasma-Mass Spectrometry systems and are plotted as function
of time. The potential is indicated with the lines and second axes on the right. In
this way, it is possible to directly correlate the amount of mass lost to the potential
applied to the electrodes. Figure taken from [179].
With such a dissolution proﬁle it is unlikely that Ru can be used in electrolyz-
ers. Instead Ir appears as the best compromise between activity and stability.
In fact, through annealing procedures it has been shown that IrOx can be even
more stable, reaching a mass loss rate of only 1 pg/cm2/s at approximately 1.75
VRHE [180]. For a realistic catalyst loading of 0.15 mg/cm2 [41] this corrosion
rate corresponds to just below 5 years of constant operation. However, since
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IrOx dissolves primarily at potentiodynamic conditions it is likely that the mode
of operation will have a large impact on the lifetime, where less start-stops lead
to a longer lifetime.
The dissolution products can in some cases be detected electrochemically with
a separate electrode during a catalyst test. This is the case for ruthenium
dissolving as RuO4, which can be reduced at 1.1 VRHE [181, 182]. In practice,
this type of test is carried out with a Rotating Ring Disk Electrode, RRDE,
setup where the catalyst is loaded as a standard rotating disk and the separate
electrode is positioned as a ring around the disk. This geometry allows for an
accurate determination of the eﬃciency with which the ring picks up products
from a reaction at the disk. A few groups have characterized Ru dissolution with
this method and the Faradaic eﬃciency for RuO4 formation is between 6 and 15
% [40,182,183]. It should be noted that this technique is also frequently used for
the determination of Faradaic eﬃciency towards oxygen evolution [101,109,139].
A combination of RRDE and ICP-MS measurements were used by Markovic
and co-workers [183] to elucidate trends of stability among the metals that can
catalyse OER, see ﬁgure 2.14a. They found that the more unstable metals were
also more active catalysts. In two other studies from the same group, focused
on mixed Ru-Ir thin ﬁlms [184] and SrRuO3 [185], this argument is further
supported. However, the trend found by Cherevko et al., which can be seen in
ﬁgure 2.14b, appears to be in contrast to the simple inverse stability-activity
relationship.
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Figure 2.14: a) Stability and activity trends for Os, Ru, Ir, Pt and Au under a
constant current density of 5 mA/cm2. The stability is measured as concentration of
metals in solution after test (ppb). The activity is shown as the overpotential needed
to reach 5 mA/cm−2. Data from [183]. b) Trends of activity and stability for Ru, Ir,
Rh, Pd, Pt and Au under a constant current density of 0.8 mA/cm2. The dissolution
rate, in ng.cm−2.s−1 is found with online ICP-MS at a constant current density of 0.8
mA/cm−2. Note the scale break in the dissolution rate. The activity is shown as the
overpotential needed to reach 0.8 mA/cm−2. Data from [179].
From the two ﬁgures 2.14a and b, the activity trends are the same, but in 2.14b
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the stability results are not consistent with an inverse relationship. It should
be noted that in both of these analyses the metal stabilities are evaluated at
a constant current and therefore at diﬀerent potentials. For instance Au is
evaluated at potentials around 2 VRHE whereas Ru is evaluated at 1.5 VRHE.
These contradicting results suggest that a more in-depth understanding of the
dissolution phenomena is needed before an established model can be reached.
In terms of stability analyses for non-noble metal oxides there are less studies
available at this time. However, one of most active catalysts based on non-
precious metals, Ba0.5Sr0.5Co0.8Fe0.2O3−x, or in short BSCF, has been sub-
jected to Transition Electron Microscopy, TEM, analysis before and after elec-
trochemical tests [141]. These tests consisted of cyclic voltammetry and from
the TEM images it was evident that the BSCF particles change from a crys-
talline phase to an amorphous one. At the same time the catalytic activity
increases, which is likely due to a roughening of the surface causing more active
sites to be available. The authors therefore argued that the leaching of Ba2+
and Sr2+ ions was related to the position of the O p-band center. BSCF has an
O p-band center positioned relatively high compared to other catalyst materials,
like La0.4Sr0.6CoO3−δ, LaCoO3 and LaMnO3, all of which retain crystallinity
after electrochemical testing.
2.6 Conclusion
In summary, investigating catalysts for the oxygen evolution has been an active
research ﬁeld for more than six decades. Important progress has been made in
terms of understanding the reaction and ﬁnding suitable descriptors that can
aid in designing better catalysts. From theoretical analyses, scaling relations
have been used to predict and describe trends in activity for a large group of
oxides. Unfortunately, the scaling relations between intermediates also mean
that it is complicated to surpass the performance of existing RuO2 catalysts.
Nevertheless, a large amount of work has been dedicated to optimizing Ni, Fe
and Co based catalysts for use in alkaline solution and new materials are being
reported frequently. The stability of new and active catalysts are not often
reported in a very transparent way. This is one of the main issues addressed
in this thesis. Furthermore, there is a lack of progress for identifying non-
noble metal based catalysts that can work in acidic solution. The new catalysts
reported in acidic solutions are instead based on Ru and Ir. It has therefore
been a main goal of this project to search for a compound based on abundant
elements, that can catalyse the oxygen evolution reaction in acidic environment.
42 Electrocatalysis and the splitting of water
Chapter 3
Experimental Methods
A variety of experimental methods have been used throughout the project and in
this chapter a description of these will be given. The overall focus of the thesis is
on metal oxide catalysts prepared by sputter deposition. As sample preparation
technique sputter deposition has certain advantages and disadvantages which
will be explained herein. In terms of sample characterization, emphasis has been
put on combining the electrochemical properties with information of oxide phase
determination, valency and stability. The methods of choice have been X-ray
Photoelectron Spectroscopy, X-ray Diﬀraction, X-ray Absorption Spectroscopy,
Inductively Coupled Plasma - Mass Spectrometry and Electrochemical Quartz
Crystal Microbalance measurements.
3.1 Sample Preparation
As mentioned above, the samples tested for this thesis have been prepared by
sputter deposition and given the large amount of time spent optimizing this
technique a comprehensive introduction is justiﬁed.
3.1.1 Sputter Deposition
Sputtering is a vacuum technique utilizing bombardment of a target surface
with energetic particles widely used for surface cleaning, etching, surface layer
analysis and deposition. The energetic particles are typically charged Argon
ions, which are created with a plasma source. When sputtering is used for
44 Experimental Methods
deposition, a negative bias is applied on the target material, from which the
surface atoms can be knocked loose. With a suﬃciently low chamber pressure
the mean free path of atoms is long enough to allow for deposition on a nearby
substrate. The target to substrate distance is approximately 10-15 cm in our
chamber. While a suitable mean free path is desirable the pressure should still
be kept high enough for the plasma to be stable and a higher pressure means
a larger number of Ar ions bombarding the target. These requirements lead
to a pressure range of about 1-100 mTorr (or roughly 10−3 to 0.1 mBar). A
schematic representation of the above description can be seen in ﬁgure 3.1.
Figure 3.1: Schematic of the sputter deposition process. Ar gas, in red, is ionized
in a plasma to form Ar+, in pink. A negative bias is applied on the target material, in
grey, which causes the Ar+ ions to bombard the surface. Surface atoms from the target
are then knocked loose and deposit on the substrate, solid grey. Figure from [186].
The rate of material deposited depends to a large degree on energy of the in-
coming Ar ions, the pressure in the chamber and the sputter yield of the target
material. The energy of Ar ions and chamber pressure are both easily controlled
and are important parameters in the optimization of a deposition process. The
sputter yield is a material parameter and can not be manipulated. This is par-
ticularly important to realize for co-sputtering purposes where a certain ﬁlm
composition requires matching deposition rates from two or more targets. The
diﬀerence in sputter yields can be seen in ﬁgure 3.2. In extreme cases it can
vary with up to a factor of seven for pure metals, which is the case for Si and
Ag.
There is a tendency for the yield to increase with increased ﬁlling of the d-
shells in the transition metals. This is related to the energy transfer factor and
the fact that harder collisions increase the yield while the atoms with a more
open electronic structure has low yields. Fundamental studies on the sputter
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Figure 3.2: Sputter yield as function of the atomic number, from 0 to 90. Lines
between points indicate 3d, 4d and 5d metal series. Figure taken from [187].
yields have not been carried out in this thesis but in practice the eﬀect of
diﬀerent sputter yields is easily observed when comparing the power required
for various targets to obtain desired deposition rates. For every new target a
calibration of rates vs. power is carried out in order to know the thickness of the
ﬁlms prepared. The rate calibration is done with an in-chamber quartz crystal
microbalance. In short a quartz crystal is used as deposition substrate while the
change in resonant frequency is measured over time. The change in frequency
is linearly related to the amount of material deposited. When the density is
known, the change in frequency can be directly converted into thickness growth
(Angstrom) per second. Details on how a quartz crystal microbalance works is
given in section 3.4.1.
The power input and chamber pressure also aﬀect how the sputtered particles
grow on the substrate [188, 189]. The energy of incoming Ar ions aﬀect the
sputtered atoms and the energy with which they leave the target surface. In
general for low energies, a few hundred electron volts, the sputtered species will
be single neutral atoms while for very high energies, several thousands electron
volts, clusters are formed. In our case we use from 100 to 750 eV, hence the
ﬁlm growth is expected to be primarily from single atoms. The energy of the
sputtered atoms also depends on the chamber pressure. A higher pressure leads
to more collisions and by the time the sputtered atoms hit the substrate their
average energy will be lower. The mean free path of the sputtered atoms can be
a useful way to estimate whether the target to substrate distance and chamber
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pressure will result in useful deposition rates. The mean free path, λ, can be
evaluated from the following equation, assuming the ideal gas law:
λ =
kT√
2σP
(3.1)
where k is the Boltzmann constant, T the Temperature, σ the cross sectional
area and P the pressure. For a reasonable rate of deposition the mean free path
should be in the same order of magnitude as the target to substrate distance.
For λ = 10 cm the pressure should be around 10−3 mbar, which is in the range
of pressures described above.
In practice the growth parameters can lead to stress in the ﬁlms, which may
detach from the substrate during testing or in case of very thin substrates, a
highly strained ﬁlm can cause the substrate to bend or even break. Obtaining
strained ﬁlms or quantiﬁcation of stress/strain in the ﬁlms produced have not
been pursued here but it was in some instances observed as rapid ﬁlm detach-
ment. In those cases sputtering parameters diﬀerent from the standard had
been used and was not used again.
An important aspect that has so far been brieﬂy touched upon is the source
of the Ar ions, the plasma. A plasma is created by applying a large potential
diﬀerence between a cathode and an anode in the chamber. With a suﬃcient
energy input atoms become ionized and a large number of ions and electrons
are created. Due to the high density of charged particles, the plasma will react
to magnetic ﬁelds, which is exploited in magnetron sputtering systems. In such
systems, which was used throughout this project, a strong magnetic ﬁeld traps
the electrons and concentrates the plasma close to the target material, which has
a negative bias. The magnetron systems make it possible to lower the sputtering
pressure signiﬁcantly compared to traditional glow discharge systems, due to the
conﬁned plasma, while achieving high deposition rates.
3.1.1.1 Reactive sputter deposition
In reactive sputter deposition the parameter space is further enlarged by adding
the partial pressure of a reactive gas. The reactive gas in this project is always
oxygen due to the focus on preparing metal oxides. The presence of oxygen in
the chamber complicates the deposition process in several ways. Oxygen will
interact with the target causing surface oxidation and changes in the sputter
yield. Most of the transition metals oxidise with a very negative heat of forma-
tion and the sputter yields go down. Furthermore, the deposited atoms oxidize
and the density is not always easily obtained for the oxide prepared. The exact
oxide phase will also be unknown until further characterization has been carried
out. To explore the eﬀects of adding oxygen a rate vs. oxygen partial pressure
curve is typically made.
There is a hysteresis behavior when increasing and decreasing the oxygen partial
pressure. While increasing the partial pressure more of the sputtered atoms will
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oxidize until there is an excess of oxygen that is free to react with the target
surface. Once that happens the sputtering yield goes down and less sputtered
atoms are available, causing even more oxygen to react with the target. When
decreasing the partial pressure from a high level the target will be completely
passivated and since there is a low sputter yield it will take a lower partial
pressure before the oxidised target surface is back to a metallic state. This type
of behavior is important to realize since a high rate combined with a complete
oxidation of the prepared ﬁlm is often desirable. This means operating at the
balance point between excess oxygen and excess sputtered atoms. For reactive
co-sputtering the issue of target passivation becomes more complicated since two
diﬀerent materials may passivate at very diﬀerent partial pressures of oxygen.
In that case, obtaining the desired composition requires careful calibration and
possibly using either very low rates or having incomplete oxidation of the ﬁlms.
3.1.1.2 Equipment and deposition rate calibration
The sputtering equipment used throughout this thesis was a magnetron system
from AJA International, with two DC power sources, two RF power sources
and substrate heater. With all power sources in use up to four diﬀerent mate-
rials could be sputtered simultaneously. The deposition rates were calibrated
frequently using an in-chamber Quartz Crystal Microbalance. Calibration runs
were made by depositing 15-20 Å three times and noting the time. For reactive
sputtering it is also important to note down the time it takes for the rate to
stabilize. For MnOx the measured rates were further conﬁrmed by ﬁlm thick-
ness measurements with a Proﬁlometer. The Proﬁlometer method comprises a
needle scanning the surface and for a suitable edge the height can be measured
down to a few nm in accuracy.
3.2 Characterization techniques
3.2.1 X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy, XPS, is a widely used method for investi-
gating surface composition [190]. The technique is based on the ejection of
electrons from a surface caused by radiation, known as the photoelectric eﬀect.
These electrons will have an energy dependent on the photon energy, hν, indi-
vidual binding energy with reference to the Fermi level of the sample, Eb and
work function of the spectrometer, φ. This can be formulated as the following
equation.
Ek = hν − Eb − φ (3.2)
Since the electronic conﬁguration of an element is unique the knowledge of these
binding energies, Eb, allows us to identify the elemental composition of a sample.
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Furthermore, electrons exhibit relatively short mean free path in solids and the
range of kinetic energies observed in an XPS system is typically 10-1000 eV.
The mean free path of electrons as a function of their kinetic energy can be seen
in ﬁgure 3.3, which is also known as the Universal Curve. This results in an
information depth of less than 2 nm and it is therefore reasonable to assume
that the bulk of a sample does not contribute to the signal. The shallow depth
of information, or surface sensitivity, is a distinct property of XPS and methods
where electrons are measured. This is of particular importance in catalysis,
which is a surface phenomenon. At the same time it also presents a challenge
in electrocatalysis, where a number of unwanted changes can occur to a sample
during electrochemical testing.
Figure 3.3: The universal curve of inelastic mean free path of electrons in a solid.
The mean free path of the electrons is plotted as function of electron kinetic energy.
Figure taken from [191].
With careful treatment XPS analyses of samples before and after electro-
chemical measurements can reveal important properties of electrocatalysts. Among
the possible diﬃculties are unexpected dissolution of the prepared sample, in-
terference of contaminants from the electrolyte and deposition of carbon species
upon drying. In this thesis the primary uses for XPS have been to establish ox-
ide stoichiometry of Mn oxides, to ﬁnd the ratio between Mn and another metal
for mixed oxides and to check for possible contamination. The oxide stoichiom-
etry can, for most metals, be found by analysing peak shifts. However, for Mn
oxides it has been reported that the peak shifts are not very signiﬁcant and it is
not possible to distinguish between the various oxides [192]. Instead, the Mn2p 12
satellite structure and Mn3s multiplet splitting can be used [151,192,193]. More
speciﬁcally the Mn2p12 satellite distance and Mn3s multiplet energy diﬀerence
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are features that depend on the stoichiometry. References have been reported
and compared by Gorlin et al. [151] and the values can be seen in table 3.1.
Sample Reference ∆E2p 12 [eV] ∆E3s [eV]
MnO [151] 11.8 4.5
MnO [192] 11.9 4.5
Mn3O4 [151] 10.0 5.1
Mn3O4 [192] 10.5 5.4
Mn2O3 [151] 6.0 6.0
Mn2O3 [192] 5.4 6.1
MnO2 [151] 10.5 6.0
MnO2 [192] 11.3 5.3
Table 3.1: Reference values for the Mn2p1/2 satellite distance and Mn3s multiplet
splitting.
The XPS system used throughout the project has been a ThetaProbe Instrument
from Thermo Scientiﬁc, where the base pressure was 5 x 10−10 mbar. The X-
ray source was monochromatized AlKα (1486.7 eV). All XPS measurements have
been conducted by Kenneth Nielsen or Paolo Malacrida at CINF DTU.
3.2.2 X-ray Diﬀraction
X-Ray Diﬀraction is another routinely used technique that can provide crucial
information about catalytically active samples [46]. The technique is based
on the principles of Bragg's Law, which states the conditions that must be
fulﬁlled to observe constructive interference of radiation scattered by the atoms
in a crystalline specimen. In a crystalline material all the atomic positions can
be described by a simple set of vectors that forms the crystal lattice. It is
the interaction between the incoming radiation and a large number of crystal
planes that can lead to strong constructive interference observable in X-Ray
Diﬀractograms. This eﬀect is illustrated in a simple schematic in ﬁgure 3.4.
The condition described by Bragg states that for a given wavelength, λ, and
interplanar distance, d, constructive interference is possible at an angle θ given
by:
nλ = 2d sin θ; n = 1, 2, ... (3.3)
Besides identifying crystalline phases, the XRD method can be used to estimate
the mean size of sub-micrometer ordered domains, or crystallites, τ . This is
done by using the Scherrer equation [194]:
τ =
Kλ
βcosθ
(3.4)
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Figure 3.4: Illustration of the interaction between X-ray radiation and a crystal
lattice that can lead to constructive interference. For speciﬁc angles and interpla-
nar distances the Bragg conditions are fulﬁlled and this can be detected in an XRD
measurement.
where K is a shape factor, with a typical value of 0.9, λ is the wavelength of
the X-rays, β is the line broadening at full width half maximum (FWHM) and
θ the Bragg angle as mentioned above. Another important parameter is the
instrumental line broadening which should be subtracted from the measured
line broadening to get β. It should also be noted that a domain size found from
the Scherrer equation gives a lower bound and works best when the domains
are all the same size. This is due to other factors which could contribute to
the broadening. If there are a spread in the size the smaller domains could
give rise to a broadening, but the larger will dominate the signal. To estimate
the instrumental line broadening as function of θ a silicon reference sample was
measured.
All measurements presented here were acquired with a PANalytical X'Pert Pro
equipment with an X-ray wavelength of 1.54 Å for the CuKα line.
3.2.2.1 Glancing Angle X-Ray Diﬀraction
As XRD is a bulk sensitive technique it can be challenging to obtain information
about thin ﬁlm samples with acceptable signal to noise. Naturally, this depends
on the thickness of the ﬁlm, typically 10-100 nm in this project, but often
the substrate will contribute with a large signal. This issue can be somewhat
mitigated by using the Glancing Angle technique, GA-XRD, where the incoming
X-rays are always kept at a low angle, α [195]. A schematic of this technique
can be seen in ﬁgure 3.5.
By choosing a suﬃciently low incoming angle the signal contribution from
the substrate can be minimized due the penetration depth of the X-rays. Al-
though useful, the higher surface selectivity comes at a cost since it puts some
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Figure 3.5: Schematic of the Glancing Angle XRD setup. This technique is also
called Grazing Incidence XRD. A low incoming angle α is kept constant throughout
the measurement, minimizing the signal contribution from the substrate.
constraints in the choice of sample and substrate. In general, when the ﬁlms are
below 100 nm setting an α of around 0.5 degrees results in high signal to noise
ratios but the surface must have a low roughness. This is due to diﬃculties in
alignment, where it must be ensured that an optimum amount of the incoming
X-rays are hitting the surface of the sample instead of just below or above. An
important part of this alignment procedure is therefore to adjust the height of
the sample holder.
3.2.2.2 Crystalline manganese oxides
The majority of results in this project have been obtained with a highly disor-
dered manganese oxide denoted MnOx. This is due to the ease of preparation
and less interaction with the substrate when deposition temperature is kept be-
low 200 oC during deposition. For carbon based substrates the Mn ﬁlm catalyses
the formation of CO2 in oxygen containing atmospheres, which leads to signif-
icant roughness and Mn being covered with carbon. The substrates used for
EQCM measurements on the other hand could sustain a maximum temperature
of 400 oC due to surface segregation of Ti forming TiO2 at the surface. Despite
these issues some time was spent on trying to identify conditions for crystalline
Mn oxide deposition. The results are summarized in table 3.2.
3.2.3 X-ray Absorption Spectroscopy
The technique X-ray Absorption Spectroscopy, XAS, can be used to probe elec-
tronic structure and local geometry of matter [196]. It relies on high resolution
X-rays in the range of 0.1 to 500 keV. The requirements for the radiation are:
a) high X-ray ﬂux so that good signal to noise ratio is obtained in a reasonable
time, b) broad spectral range with uniform ﬂux so a suitable spectrum can be
52 Experimental Methods
Oxide pO2 [mbar] T [K] MnOx rate [Å/s] Post-anneal T [K]
Mn3O4 2.7 · 10−4 473 0.8 na.
Mn2O3 7 · 10−4 473 0.8 873 (1 hour)
MnO2 10−3 473 0.1 773 (1 hour)
Table 3.2: Deposition parameters resulting in crystalline Mn oxides.
evaluated and c) high stability in energy and beam position. These require-
ments are all met in synchrotron sources that can deliver more than ﬁve orders
of magnitude higher ﬂux compared to laboratory sources. The energy of the
photons delivered from the synchrotron is selected with monochromators.
The method is based on exciting the core electrons of atoms in a sample by
absorption of photons. The photon energy required to excite a given electron
depends on the energy level of the electron and the unoccupied state that can
be ﬁlled. In XAS, the absorption of photons as a function of energy is used for
analysis, which is in contrast to X-ray Photoelectron Spectroscopy, where the
energies of photoelectrons are analysed. The absorption of photons is typically
measured for a speciﬁc range corresponding to a certain "edge" indicating the
core electron that is excited by the photons. The K edge corresponds to exciting
the 1s, L1-3 edges correspond to 2s and 2p and M1-5 edges correspond to 3s, 3p
and 3d. At the same time the K edge requires the highest photon energy while
the M5 requires the lowest. X-rays can penetrate deep into samples so when
transmitted X-rays or ﬂuorescence radiation is used for analysis, XAS is a bulk
sensitive technique. Transmission mode is the simplest detection method, where
ion chambers before and after the sample are used to evaluate how much of the
beam is absorbed. Fluorescence radiation originates from a decay of the excited
state, where electrons from higher energy levels ﬁll the empty core states and
emit new photons with characteristic energies. This is shown in ﬁgure 3.6a. It
is also possible to measure electron yield originating from the Auger process, in
which case the technique becomes surface sensitive. This process is shown in
ﬁgure 3.6b. In the Auger process, an electron from a higher energy level in an
excited atom ﬁlls an empty core level and the energy diﬀerence is transferred to
another electron which is released into vacuum as a photoelectron.
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Figure 3.6: Decay phenomena for excited states in an atom. a) Fluorescence radi-
ation, which occurs when an electron ﬁlls an empty lower state and the diﬀerence in
energy is emitted as a photon. b) Auger process, where the energy diﬀerence from the
decay is used to emit a photoelectron with a characteristic energy. Figure from [197].
The analysis of XAS spectra is often divided into two main categories, the X-ray
Absorption Near Edge Spectroscopy region, XANES, and the Extended X-ray
Absorption Fine Structure, EXAFS. These two regions are shown for a spectrum
in ﬁgure 3.7.
The analyses included in this thesis encompass XANES, so EXAFS will not
be treated any further. In XANES the near edge features of XAS spectra are
analysed with the aim of obtaining knowledge about the valance state and co-
ordination environment. The near edge region can be further split into pre-edge
and rising edge. A common application of the XANES region is to determine
valance states from the shift of the rising edge. A shift towards higher photon
energies can be attributed to higher oxidation states since the core electrons are
stronger bound when valence electrons are missing. However, there are multi-
ple ways of measuring the shift and currently various experimental groups use
diﬀerent conventions. By comparing to measurements of reference compounds
it is possible to evaluate valence states given that a robust method is used to
evaluate the shift in edge energy. In this thesis, a method called "the moment
method" will be used to evaluate the shift. This method is based on calculating
an energy weighted quantity, Ew, with the following equation:
Ew =
∫ Ef
Ei
E · I(E)dE∫ Ef
Ei
I(E)dE
(3.5)
where E is the photon energy, Ei the energy right before the pre-edge, Ef the
energy at which features are not expected to shift signiﬁcantly and I(E) the
normalised absorbance after background has been subtracted. Ew is therefore
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Figure 3.7: X-ray Absorption Spectrum for the Mn K-edge, exemplifying the two
main regions of XAS analysis. Here the normalised absorption is plotted against the
incoming photon energy. The XANES region is comprised of the pre-edge and rising
edge area, whereas the EXAFS region is after the main edge.
a measure of the entire edge shift based on the range of energy deﬁned by Ei
and Ef . An edge energy can then be calculated from:
E0 = 2Ew − Ef (3.6)
For a small set of samples X-ray Absorption Spectroscopy, XAS, measurements
were carried out to investigate the oxidation state of Mn. These experiments
were performed at the 6-2 ES2 beamline at Stanford Synchrotron Radiation
Lightsource, SSRL SLAC. Beamline scientists Tsu-Chien Weng, Dimosthenis
Sokaras and Dennis Nordlund set up all the equipment and helped with the data
acquisition. High energy resolution ﬂuorescence detection was used to measure
the absorption edges. The sample setup comprised a glass cell with a small and
thin glassy carbon wafer attached with epoxy on one side and inlets for counter
and reference electrodes. The catalytically active ﬁlms were deposited on the
carbon wafers and could therefore be in contact with the electrolyte while being
exposed to synchrotron radiation from the back. An image of this cell can be
seen in ﬁgure 3.8, together with a schematic of the beam and signal pathways.
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Figure 3.8: Left: Image of the glass cell used for in-situ XAS measurements. The
thin ﬁlms were deposited onto 200 µm thick glassy carbon wafers, which are then
attached to a hole in the glass cell. A piece of copper tape is used as electrical
connection to the wafer. Right: A schematic of the signal pathways for the in-situ
XAS experimental set up from [198]. The beam is coming from the lower right corner
and interacts with the sample as noted in the ﬁgure. Spherically bent analyzers send
the signal to an SDD detector underneath the sample.
3.2.4 Scanning Electron Microscopy
In Scanning Electron Microscopy, SEM, a focused electron beam is rastered over
a surface to generate a multitude of signals that can be used for analysis. The
energy of the incoming electrons is typically in the range of 1-30 kV. Among
the most used signals are secondary electrons, backscattered electrons, Auger
electrons and characteristic X-rays [199]. An overall schematic of the signals
generated can be seen in ﬁgure 3.9.
Secondary electrons are emitted from the sample surface due to electrons excited
by the electron beam. The energy of these electrons varies from 10-200 eV which
means that approximately one nanometer thickness of the sample contributes
to the signal. The yield of these secondary electrons depends on the surface
topography, since local curvature changes the amount of electrons that can
escape. More speciﬁcally, for protrusion edges a larger amount of secondary
electrons can escape, while the opposite holds for cavity edges. Other parameters
aﬀecting the yield include the work function of surface, incident beam energy,
beam current and the density of the sample. Backscattered electrons are incident
electrons which undergo elastic scattering interactions with the surface atoms.
These electrons have energies close to the incident beam energy and therefore
a larger interaction volume is probed. The scattering process is sensitive to
the elements in the sample surface and for higher atomic numbers the back
scattering signal increases. It should be noted that backscattered electrons can
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Figure 3.9: Schematic showing the SEM process and signals generated. The in-
cident electron beam is focused down onto the sample, whereby a variety of signals
are generated. Some of these are shown on the ﬁgure, including secondary electrons,
backscattered electrons, Auger electrons and characteristic X-rays. The amount of sec-
ondary electrons that are able to escape the surface depends on the curvature around
the beam spot and interaction volume, which give rise to contrast and topography
information.
also cause secondary electrons which aﬀect the resolution achieved in secondary
electron imaging. The SEM images included in this thesis are all acquired by
secondary electron detection.
3.3 Electrochemical measurements
The results in this thesis are centered around the electrochemical properties of
thin ﬁlms. Therefore, emphasis has been put on developing protocols and mea-
surement procedures. In general, electrochemical measurements deals with the
response of electrodes immersed in an electrolyte under the inﬂuence of applied
potentials or induced currents. Speciﬁcally for this project we are interested in
the response of a single electrode in a certain potential range, where the oxygen
evolution reaction occurs. For this purpose a three electrode setup has been
employed. An image of such a setup can be seen in ﬁgure 3.10.
The three electrodes used are: a working electrode, a counter electrode and a
reference electrode. The working electrode contains the sample which response
or activity is measured. Current ﬂows between the working and the counter
electrode when a suitable potential diﬀerence is applied. In the case of oxygen
evolution on the working electrode (working as anode) the counter electrode will
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Figure 3.10: Image showing the three electrode setup in a rotating disk electrode
station. The most important components are highlighted with a text label, including
counter electrode (carbon rod), working electrode (attached to rotator) and reference
electrode (here a Hg/HgSO4 electrode). Figure taken from [186].
perform a cathodic reaction, normally hydrogen evolution. However, the poten-
tial diﬀerence between the counter and working electrode is a function of the
catalytic activities of both, which makes it complicated to study one catalyst at
a time. To this end, the potential applied on the working electrode is measured
against a known reference electrode, composed of a redox couple in equilibrium.
The potential of this reference can then be measured against a hydrogen elec-
trode and the results can be reported using the Standard Hydrogen Electrode,
SHE, or Reversible Hydrogen Electrode, RHE, scale. The standard hydrogen
electrode scale is based on the consensus of a zero electrochemical potential for
the hydrogen evolution reaction in equilibrium at standard conditions on a Pt
electrode. For RHE the eﬀect of pH is also taken into account, meaning that
59 mV per pH increase has to be added. Using a reference electrode makes the
measurement of the working electrode independent of the catalytic activity of
the counter electrode, which can then be selected more freely. Still, the counter
electrode must provide suﬃcient surface area so that the overall reaction does
not become limited by the number of sites available for the reduction reaction.
Throughout this project a high surface area graphite rod has therefore been
used.
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3.3.1 Impedance Spectroscopy
In order to facilitate comparison between experimental groups and setups it is
important to correct for the Ohmic losses. Ohmic losses come from resistance
in wires, connections, sample and the electrolyte. In fact, the ionic conductivity
of the electrolyte is a dominant factor and it is therefore an advantage to keep
a similar distance between working and counter electrodes for a series of ex-
periments. The magnitude of the Ohmic losses can be evaluated by impedance
spectroscopy, where the impedance is measured as a function of AC current
frequency. A simple equivalent circuit model of an electrochemical interface is
comprised of a resistor and a constant phase element in parallel. The capacita-
tive contribution to the impedance vanishes at high frequencies (the imaginary
component is approximately zero) and the resistance can be determined as the
real component of the impedance. An example of such a measurement can be
seen in ﬁgure 3.11.
0 2 0 4 0 6 0 8 0 1 0 0
0
2 0
4 0
6 0
~ 1 0 0 0 0  H z ~ 1  H z
~ 1 0 0  H z
-Im
(Z) 
/ Ω
R e ( Z )  /  Ω
F i t
O h m i c  d r o p  i n  s e t u p
M e a s u r e d
I m p e d a n c e  f o r  M n O 2  o n  A u  p cN y q u i s t  p l o t
Figure 3.11: Nyquist plot of an impedance measurement for MnO2 on a gold
polycrystalline disk. The Ohmic drop in the experimental setup is found as the high
frequency intercept with the 1st axis. A range of 200 kHz to 1 Hz was measured.
In practice, the Ohmic losses can be accounted for before or after measuring.
The measured potential is easily corrected using Ohms law.
∆UΩ = j ·R (3.7)
Where ∆UΩ is the potential change due to Ohmic losses, j the measured
current (not normalised) and R the resistance. It is possible to correct for 85 %
of the Ohmic losses using a feature in the potentiostat. It is important to keep in
mind that at high currents the remaining 15 % can actually result in rather large
discrepancies between the nominally applied potential and the actual applied
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potential. As an example, imagine a resistance of 40 Ω which is corrected for at
85 %. This leaves 6 Ω unaccounted for which at 10 mA corresponds to 60 mV
lost. In terms of catalytic activity 60 mV can make a large diﬀerence.
3.3.2 Measuring techniques
A range of electrochemical techniques has been used extensively during this
project. For determining catalytic activity cyclic voltammetry has been em-
ployed, while for most stability measurements chronoamperommetry (CA) or
chronopotentiometry (CP) have been used. Cyclic voltammetry is a technique
where the applied potential on the working electrode is cycled between two ex-
tremes at a constant scan rate. This is a useful technique for investigating new
samples and can reveal magnitude and shifts of both irreversible and reversible
redox processes, pseudo-capacitance and catalytic activity of electrodes. The
results of cyclic voltammetry are typically plotted as a voltammogram, where
the current (normalised to area) is a function of the potential applied on the
working electrode. An example of such a voltammogram can be seen in ﬁgure
3.12.
Figure 3.12: Cyclic Voltammogram of MnOx in 0.1 M KOH, measured with 20
mV/s in the range 0.05 to 1.7 VRHE. The current is normalised with the geometric
area of the electrode and the potential scale has been corrected for Ohmic losses,
measured with impedance spectroscopy.
From that voltammogram, the electrode can be analysed with respect to
electrochemical properties. The feature around 0.9 VRHE is not reversible as
the oxidation and reduction occur at diﬀerent potentials. If the oxidation peak
can be ascribed to a speciﬁc reaction it can also be used to estimate the number
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of electrochemically active metal atoms at the surface. Such an estimation is
valuable due to discrepancies between geometric surface area and electrochemi-
cally accessible surface area. Another way to estimate the surface area is using
the capacitive response, which is a function of the scan rate. The capacitative
response is based on charging of the electrode electrolyte interface when the po-
tential changes and is considered proportional to the number of active surface
species [109]. However, for oxides there is a lack of consensus and benchmarks
regarding normalisation factors and therefore attempts to normalise currents
with electrochemical surface area are rarely reported.
3.4 Stability measurements
3.4.1 Electrochemical Quartz Crystal Microbalance
In order to analyse stability for electrocatalysts, it is complicated to rely on
purely electrochemical current-potential measurements. In theory, a corrosion
or dissolution process could occur through a well deﬁned oxidation or reduction
process that could be analysed using the amount of charged passed. However,
catalyst stability is mostly relevant under conditions where a catalytic reaction
takes place, in this project oxygen evolution. Therefore the dominant part of
the current can usually be ascribed to this reaction. Instead, the electrochem-
ical quartz crystal microbalance, EQCM, provides a way to monitor the mass
changes that occur during an electrochemical reaction [200,201]. The technique
relies on measuring the resonant frequency of a quartz crystal which, for the
right crystal orientation, changes with the amount of material present on top.
An image and schematic of the QCM crystals used in this project can be seen
in ﬁgure 3.13.
Figure 3.13: Left: Image showing the two sides of EQCM crystals. Right: A cross
section schematic of the crytals is shown, indicating the layered structure that makes
it possible to measure electrochemistry and resonance frequency simultaneously.
The resonance in quartz arises from the piezoelectric eﬀect, where mechanical
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stress in a crystal generates an electric potential due to a net change in dipole
moment. The opposite eﬀect is the generation of atomic displacement due to
an applied electric ﬁeld. This means that an oscillating potential can induce
acoustic resonances with a speciﬁc frequency. This frequency can be determined
with high precision. The relationship between the frequency change, ∆f , and
mass, ∆m, is described in the Sauerbrey equation [202]:
∆f = − 2f
2
0
A
√
ρqµq
∆m (3.8)
where f0 is the nominal frequency of the crystal, A the piezo-active area, ρq
the density of quartz and µq the shear modulus of an AT-cut quartz crystal. In
practice a simpliﬁed version of the equation can be used:
∆f = −Cf ·∆m (3.9)
where Cf is a constant that can be calibrated. The crystals used for this thesis
had a nominal Cf of 56.6 Hz/µg·cm2. Calibration of Cf was carried out using
silver electrodeposition [150, 203]. A clean EQCM substrate was immersed in
a 0.5 M HNO3 solution with 50 mM AgNO3 and -50 µA were passed until a
frequency change of 60 Hz was reached. For silver deposition it can be assumed
that one electron is passed per Ag atom deposited. Therefore, the frequency
change can be correlated to the mass of Ag deposited. The silver deposition
was repeated 6 times and the Cf value obtained was 57 ± 1 Hz/µg·cm2, which
compared very well to the expected value.
The method is well suited for investigating mass changes for electrochemical
electrodes, however, it is important to emphasize that the frequency change is
measured, not the mass. Besides change of mass, there are other factors that
can lead to a change in frequency. Among the most important are [200]:
• Viscosity. The crystal oscillations are inﬂuenced by the media in which
the crystal is immersed. For liquid media the interaction with the crystal
can cause a dampening, which can be expressed as the following equation
[204]:
∆f = −f 320
√
ηlρl
piρqµq
(3.10)
where η is the viscosity of the liquid and the other symbols represent the
same as in equation 3.8. It is clear that a higher viscosity results in a
dampening in the frequency. For water there is furthermore a tempera-
ture dependence of the viscosity. As an example a change from 20 to 30
oC results in a frequency change of 85 Hz. It is therefore important to
maintain a stable temperature while using an EQCM setup. In our lab-
oratory the temperature could be monitored and in short term testing it
was never observed to have an impact.
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• High mass loading. With a very high mass loading the QCM sensitivity
decreases [200]. The method is considered accurate up to about 2 % of
frequency change with respect to the nominal resonant frequency. This
corresponds to approximately 2.4 mg, which is about four orders of magni-
tude higher than the typical loading for the MnOx thin ﬁlms investigated
here.
• Roughness of EQCM coating. A high roughness of samples can in
extreme cases lead to misinterpretation of the frequency changes. This is
due to trapping of liquid in cavities which can be a particular problem if
a rough sample is oxidised or deposited while the frequency is measured.
Such a case was reported in [205] where the mass change of oxidised gold
was much higher than expected due to this trapping phenomena. For
the samples used here a polished substrate surface was used, which is not
expected to be inﬂuenced by trapping of liquid.
• Non-uniform samples. With the simple Sauerbrey equation only uni-
form ﬁlms should be evaluated as it is assumed that the ﬁlm is a rigid and
uniform extension of the quartz crystal.
• Bubbles. Finally, bubble formation can pose a problem for EQCM mea-
surements. For a gas evolving reaction, it is important that the bubbles
detach from the surface so that they are not covering a large area of the
electrode. If they end up covering a large part, the frequency measurement
is aﬀected due to local viscosity eﬀects. Furthermore, if a gas is evolved
on a very rough surface it can be trapped. For the experiments carried
out for this thesis, the bubbles were observed to leave the surface easily,
from a macroscopic point of view.
The equipment used for EQCM measurements was a QCM200, purchased from
Stanford Research Systems. The crystals were AT-cut and had a nominal reso-
nant frequency of 5 MHz. The electrochemically active area was 1.37 cm2, while
the area sensitive to frequency measurement was 0.38 cm2.
3.4.2 Inductively Coupled Plasma - Mass Spectrometry
In addition to knowing how an electrode is changing in mass, it is crucial to
quantify the dissolved species in the electrolyte. The EQCM method can be
described as blind in that respect, since it only reveals a change in the overall
mass. Therefore, Inductively Coupled Plasma - Mass Spectrometry, ICP-MS,
has been used in combination with the EQCM measurements.
In brief, with ICP-MS a liquid sample is analysed by injecting a small volume
through a nebulizer into a plasma as aerosol droplets [206]. Travelling through
the plasma the sample is desolvated, atomised and ionized. The ions are then
sent into a mass spectrometer. In the Mass Spectrometer the ions are ﬁltered
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depending on their mass to charge ratio. In the system used in our laboratory
a Quadrupole Mass Spectrometer is installed. The system exploits a Radio
Frequency, RF, quadrupole ﬁeld, created by four rods, to ﬁlter the ions. The
ﬁltered ions are ﬁnally detected and a signal can be analysed by the software.
The raw data for ICP-MS is therefore a set of intensities for each mass to
charge ratio, but with calibration runs of known standards the intensities can
be converted into concentrations.
It is a highly sensitive technique where most elements can be analysed down
to sub-ppb (part-per-billion) levels. An overview of the detection limit for all
the elements can be seen in ﬁgure 3.14. In this project mainly Mn, Ti and Au
have been measured, all of which have detections limits below 10 ppt (part-
per-trillion). The instrument used for this project was from Thermo Fisher
Scientiﬁc, the model iCAP-QC ICP-MS. For each measurement a calibration
with three known concentrations was carried out.
Figure 3.14: A periodic table specifying the detection limits of ICP-MS for each
element in the periodic table. The diﬀerent colors indicate the detection limit, while
white indicate that ICP-MS is not suitable for detection. Figure taken from [206].
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Chapter 4
Benchmarking the stability
of OER catalysts
The development of new catalysts for the oxygen evolution could have a signiﬁ-
cant impact on the eﬃciency and commercialization of electrolyzers. Therefore,
a lot of eﬀort is put into identifying active mixed oxides with novel structures or
stoichiometries. However, in the testing of these catalysts the stability is typ-
ically evaluated on the basis of stable electrochemical performance for a short
period of time. This type of screening rules out instantaneous dissolution of the
catalyst but does not ensure lifetime beyond the hours tested. In fact, for a
given catalyst with a slow dissolution rate during operation there is no way to
know beforehand whether the dissolution will result in better or worse perfor-
mance until a signiﬁcantly lower amount of active surface area is reached. To
truly gauge the lifetime of a newly identiﬁed catalyst one is left with choosing
between long term testing or directly measuring the rate of mass loss. Long
term testing is often tedious and in this chapter it will be shown how to directly
measure the rate of mass loss using short term tests [137]. The results presented
here are also the basis of the appended paper I, where measurements on RuO2
are included.
4.1 Characterization of thin ﬁlms
The investigated samples are manganese oxide thin ﬁlms deposited with the
sputter deposition technique described in section 3.1.1. Speciﬁcally, these ﬁlms
are grown to be 40 nm thick, in a 5 mTorr atmosphere consisting of argon
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and oxygen in a ratio of 5:1 and with a substrate temperature of 200 oC. The
substrates used are quartz crystal microbalances, QCMs, which can be used to
measure the mass changes of the catalyst, as described in section 3.4.1. The
QCMs have a gold ﬁlm on the front side which serves as the contact for elec-
trochemical measurements. On the back side another gold ﬁlm, with a smaller
area, serves as contact for the frequency measurement. The overlap between
these two ﬁlms is sensitive to changes in frequency and therefore only this area
was covered with MnOx. TiO2 was deposited on the remaining gold using a
mask. This was done to avoid having gold in contact with the electrolyte, which
could aﬀect the electrochemical measurements. By only depositing manganese
where the QCMs are sensitive the comparison between mass losses measured
with EQCM and ICP-MS could be improved. The TiO2 at the same time con-
tributes with negligible currents and no frequency changes.
Manganese oxides exist in many valence states and therefore numerous sto-
ichiometries can be formed, including MnO, Mn3O4, Mn2O3 and MnO2. Fur-
thermore, some of these oxides have several polymorphs [207]. As a ﬁrst step,
the deposited thin ﬁlms were therefore characterized with X-ray Photoelectron
Spectroscopy, XPS, and X-ray Diﬀraction, XRD. The data from XPS can be
seen in ﬁgure 4.1 and from XRD in ﬁgure 4.2.
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Figure 4.1: XPS spectra for a 40 nm MnOx thin ﬁlm. a) Mn2p peaks. b) Mn3s
peaks. For both spectra the green areas indicate ﬁtting peaks. The ﬁts were used to
evaluate the distance from main peak satellite, in case of Mn2p, and multiplet splitting,
in the case of Mn3s.
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Figure 4.2: X-ray Diﬀraction in Glancing Angle mode used to measure on the MnOx
thin ﬁlm, which is compared to an MnO2 reference. No peaks are observed for both
substrate and thin ﬁlm.
For the analysis of XPS on manganese oxides several groups have shown that
the oxide stoichiometry can be determined from the Mn3s and Mn2p peaks
[151,192,193]. This analysis method was adopted and for the thin ﬁlms described
here the Mn3s multiplet splitting was determined to be 4.7 eV and the Mn2p12
satellite 11.4 eV away from the main peak. From comparison with literature, see
table 3.1, the observed values are consistent with a Mn:O ratio of 1:2, indicating
that a dioxide has formed. However, from the XRD results no peaks were
identiﬁed and it was therefore concluded that the ﬁlms are highly disordered or
even amorphous.
4.2 Activity measurements
To ensure that the deposited ﬁlms are relevant in terms of activity, they were
tested with a Rotating Disk Electrode, RDE, set up. Results from these tests
can be seen as a cyclic voltammogram in ﬁgure 4.3. A voltammogram for the
same type of ﬁlm on the EQCM substrates is also included. By comparing the
two results, it is evident that the RDE test yields higher current densities. This
could be due to more facile removal of oxygen formed on the catalyst when the
electrode is rotated. However, the onsets of OER are very close for the two
tests.
Comparison between literature results is often problematic due to diﬀerent fab-
rication methods and testing parameters. The OER onset potential or the over-
potential needed for achieving 10 mA/cm2 are typical metrics for evaluating
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Figure 4.3: Voltammogram showing current density of MnOx on both EQCM and
glassy carbon substrates for the ﬁrst anodic scan. The measurements were done with
5 mV/s in 1M KOH and the potential scale has been corrected for Ohmic losses. For
the sample supported on glassy garbon, the measurement was done with a rotating
disk electrode setup and the electrode was rotated at 1600 RPM.
activity [208]. The onset potential is in practice diﬃcult to ﬁnd since the true on-
set of most electrochemical reactions are usually masked by pseudo-capacitance,
reactions with contaminants or other electrochemical processes. The overpoten-
tial needed for running 10 mA/cm2 is a useful metric when OER catalysts are
combined with suitable photoabsorbers to achieve solar water splitting [109].
However, the exact same type of material can easily be reported to have very
diﬀerent overpotentials due to diﬀerent preparation methods, as discussed in
chapter 2. Another possibility is to compare turnover frequency, TOF, which is
the number of (O2) molecules produced per second per active site. The challenge
in ﬁnding a useful TOF is to evaluate how much of the catalyst that participated
in the reaction. The 40 nm MnOx thin ﬁlms reported here have an estimated
TOF of 0.007 s−1 at 400 mV overpotential, assuming a density of rutile MnO2
and that every Mn atom can participate in the electrochemical reaction. This
value is a lower bound but compares favorably to literature results, which are
typically in the range of 0.002 to 0.006 s−1 for pure Mn oxides [209].
4.3 Stability measurements
The protocol for the stability measurements in this study was focused on uti-
lizing the EQCM technique. For such measurements to be useful it is impor-
tant to isolate frequency changes due to the actual dissolution of catalyst from
changes that are due to the surroundings. For each sample the activity was
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ﬁrst evaluated with cyclic voltammetry and then Ohmic losses were evaluated
with Electrochemical Impedance Spectroscopy, EIS. Following these two steps a
stabilization period was introduced, where the electrode was kept at 1.4 VRHE.
This potential is well within the stability range of MnO2 at pH 14 and almost
no current is ﬂowing [131, 138]. In this period the frequency measurement was
allowed to stabilize so that eﬀects from vibrations, temperature and cycling the
potential were minimized. When the frequency changed with less than 1 Hz per
15 minutes, the actual corrosion tests were initiated. Naturally, this criterion is
somewhat arbitrarily chosen but the important aspect is that drift in the fre-
quency due to the setup or temperature is signiﬁcantly lower than the changes
due to dissolution. For samples that are expected to be highly stable the EQCM
tests must be designed so that the drift is close to zero over extended periods.
The stability tests consisted of chronoamperometry, CA, at 1.8 and 1.9 VRHE or
chronopotentiometry, CP, at 20 mA/cm2. An overview of this stability protocol
can be seen in ﬁgure 4.4.
Figure 4.4: Schematic representation of the protocol for measuring the stability of
thin ﬁlms for oxygen evolution. This protocol is speciﬁcally designed to probe the
anodic dissolution rate of MnOx.
As mentioned above, the EQCM tests allow for simultaneously monitoring
the catalytic activity, in terms of current or overpotential, and the change of
mass through the resonant frequency. Such time resolved information is not
easily available with any other methods. In ﬁgure 4.5a and b results of the
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chronoamperometry tests can be seen for one sample. The current density de-
creases slowly over time which could be due to several reasons: the oxygen gas
formed decreases the number of available sites, active sites are corroded away
or change in ﬁlm resistivity. The oxygen gas is a potential problem if the ﬁlm
is porous since the small pores could be ﬁlled with oxygen that is trapped. Dis-
solution of active sites is possible but intuitively new sites would be created
after dissolution of the primary ones. Regarding change in resistivity it has
been suggested that oxygen vacancies play an important role in conductivity
for MnO2 [158], and prolonged oxidation of the ﬁlm could lead to oxygen in-
corporation and higher resistivity. It should be noted that the EIS method
is not suitable for measuring local changes in ﬁlm resistivity and the Ohmic
loss correction does not rule out such eﬀects. Instead in-situ characterization
of the resistivity could be carried out with interdigitated array electrodes as
demonstrated by Burke et al. [112]. However, detailed investigations of the de-
activation mechanisms have not been pursued in this project, where the focus
is on the mass losses.
Figure 4.5: a) Mass changes based on the frequency change during the two hour
tests. The frequency changes have been converted to mass changes by using the Sauer-
brey equation [202]. b) Current density in two hours tests for MnOx ﬁlms at both 1.8
and 1.9 VRHE. These tests were carried out in 1 M KOH.
In ﬁgure 4.5a the change of mass can be seen for two hour tests at 1.8 and 1.9
VRHE. At both potentials the electrode is unstable and negative mass changes
are evident. Comparing the magnitude strongly indicates that the dissolution
rate is potential dependent as expected, with the faster mass loss occuring at 1.9
VRHE. It is striking that the mass losses are linear and constant which allows for
extrapolation to determine the lifetime of the ﬁlms. In practise local thickness
diﬀerences can have an impact on the actual lifetime, but as a ﬁrst approach the
initial dissolution rate is useful. As mentioned in the protocol description, the
ﬁnal step was a potentiometry test. This was carried out at 20 mA/cm2 and
the results can be seen in ﬁgure 4.6. This test shows the same story as in ﬁgure
4.5. After an initial rapid deactivation there is a slower deactivation process
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approaching stable performance. However, at the same time a constant mass
loss takes place at a rate consistent with the potential range being between 1.8
and 1.9 VRHE.
Figure 4.6: Measured potential and mass loss during a two hour chronopotentiom-
etry test at 20 mA/cm2 in 1 M KOH. The left side axis (data in black) shows the
potential scale, corrected for Ohmic losses. The right side axis (data in blue) shows
the mass losses measured with the EQCM method.
Before conducting extrapolation based on the EQCM data, it is useful to con-
ﬁrm which elements actually dissolved into the electrolyte. While the EQCM
technique is proliﬁc in giving time resolved information about the mass change,
it is also blind to what causes these changes. With Inductively Coupled Plasma -
Mass Spectrometry, ICP-MS, it is instead possible to analyse the concentrations
of elements in the electrolyte. With the combination of EQCM and ICP-MS we
can therefore compare the mass that left the electrode with the Mn concentration
increase in the electrolyte. The pure ICP-MS results are in the form of counts
registered with the mass spectrometer. The number of counts can be converted
into concentration values, CICP−MS (in mass per liter), using calibration with
standard solutions. However, to facilitate the comparison between EQCM and
ICP-MS the concentration values are further converted to ngMnO2/cm
2, with
the following equation;
∆M = CICP−MS · Velectrolyte · MMnO2
A ·MMn (4.1)
where A is the active electrode area, MMnO2 the molar mass of MnO2, MMn
the molar mass of Mn and Velectrolyte the volume of the electrolyte solution at
the time the sample was taken. In ﬁgure 4.7 a comparison between results from
EQCM and ICP-MS can be seen. There are only minor discrepancies between
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the two methods and the overall trend is the same.
Figure 4.7: Comparison between EQCM (in blue) and ICP-MS (in green) results
for the mass losses of MnOx ﬁlms. The two methods are compared with chronoamper-
ometry (CA) at 1.8 and 1.9 VRHE and chronopotentiometry (CP) at 20 mA/cm2. The
error bars indicate ±1 standard deviation based on four independent measurements.
With the corrosion rate established as function of potential and time it is in-
teresting to analyse the magnitude of current density that it represents. If we
assume that the loss of MnOx at the surface proceeds as the following reac-
tion [138].
MnO2 + 2H2O→ MnO−4 + 4H+ + 3e− (4.2)
with three electrons transferred per Mn atom dissolved, a current density can
be calculated from the dissolution rate. The dissolution rate is 1128 ng/cm2
over two hours at 1.9 VRHE based on the EQCM results, which corresponds
to 0.5 µA/cm2. The dissolution current is therefore more than four orders
of magnitude lower than the total measured current density for the electrode.
Such small currents are challenging to measure accurately with electrochemical
methods. As an example the Faradaic eﬃciency towards oxygen evolution can be
measured with rotating ring disk electrode, RRDE, systems [109,182]. However,
slow processes such as the anodic MnO−4 formation would be extremely diﬃcult
to identify since the rate corresponds to an eﬃciency of less than 0.001 %. In
fact, even if the entire ﬁlm of 40 nm dissolved in one hour the dissolution current
would only be around 20 µA/cm2 and the Faradaic eﬃciency would be 0.07 %
which would be close to the accuracy limit of RRDE mesaurements. In table
4.1 the mass loss rates can be seen.
The dissolution rates can also be used to predict a lifetime for the thin ﬁlms.
At 1.9 VRHE MnOx lost 1128 ng/cm2 over two hours and the lifetime of 40 nm
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MnOx ∆M1.8VRHE ∆M1.9VRHE ∆M20mA/cm2
EQCM -462 ±131 -1128 ±229 -735 ± 93
ICP-MS -332±108 -1570 ±447 -793 ±194
Table 4.1: EQCM and ICP-MS results for MnOx with chronoamperometry and
chronopotentiometry tests. All values are in units of [ngoxide/cm−2] and are measured
over two hours.
MnO2 is therefore 36 hours. Such a lifetime is naturally completely useless in an
actual electrolyzer which should be able to run for several thousands of hours.
At 1.8 VRHE the dissolution rate is 462 ng/cm2 for two hours corresponding to
87 hours which is rather long for a catalyst developer, who may want to vary a
large number of parameters for a new and exciting material. The combination
of EQCM and ICP-MS makes it possible to reveal the stability in short and
reproducible tests that can be used to extend the understanding about materials
at an early stage. For catalysts that are very stable these tests can also be used,
but the level of accuracy must be kept in mind. With tests of two hours it is
challenging to keep the drift of the frequency below 1 Hz. This corresponds
to approximately 9 ng/cm2 per hour. For a 40 nm ﬁlm such a loss rate gives
a lifetime of around 2000 hours. Using ICP-MS the detection limits can be
extremely low so with this technique several years of stability could be predicted.
As an example the detection limit for Mn is between 1 and 10 ppt. With a mass
loss of 10 ppt or less in a 200 ml solution during 2 hours of electrochemical
testing, the predicted lifetime of 40 nm would be 4100 hours. Such an example
is quite idealised and assume a perfectly homogeneous ﬁlm which may not hold
in practise. However, it does give an impression of what can be done with short
term tests. In an actual device the reaction conditions may diﬀer substantially
from idealised model investigations. Therefore, long term testing in relevant
settings is necessary for establishing durability for ﬁnalized catalysts.
4.4 Conclusion
In this chapter the focus has been on developing a protocol to elucidate mass
losses for OER catalysts with short term tests. To this end, manganese oxide
thin ﬁlms were deposited on EQCM samples and subjected to typical chronoam-
perometry and chronopotentiometry conditions. The activity reported here
compares favourably to literature results for other Mn based catalysts. Dur-
ing two hour tests the catalyst shows some deactivation but more strikingly
a constant loss of mass. These mass losses are measured carefully with both
EQCM and ICP-MS, resulting in a good match between the methods and good
reproducibility. The results show the importance of measuring mass losses in-
stead of relying on purely electrochemical data. The mass loss rates can be used
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to evaluate lifetimes and predict sudden death of similar electrodes for elec-
trolysis. In fact, short term testing with accurate measurements of mass losses
yields valuable information compared to tests where purely electrochemical data
is produced. This is emphasized by the MnOx catalyst shown here, which is
predicted to last for more than two hours per nanometer at 1.8 VRHE or more
than 200 hours for a 100 nm thick ﬁlm. Finally, these methods are not limited
to the evaluation of oxygen evolution catalysts, but could be adapted to most
electrochemical systems where catalysts are subjected to harsh and corrosive
environments.
Chapter 5
Towards a stable and
inexpensive catalyst for
OER in acid
Sustainable production of hydrogen with electrolyzers has the potential to al-
leviate issues with ﬂuctuating power supply from renewable sources, such as
wind and solar power. As described in the introduction, Polymer Electrolyte
Membrane cells, PEM, are particularly attractive due to their compact and sim-
ple design, fast start up and unmatched ionic conductivity. However, a major
drawback is the extensive use of noble metal based catalysts for the oxygen
electrode, the anode. For the hydrogen electrode, the search for non-precious
materials has been a thriving research ﬁeld for years with a large variety of
interesting materials being identiﬁed as alternatives to platinum [57,210]. This
is not the case for the anode where, currently, there are no alternatives to pre-
cious metal oxides in acidic media. Furthermore, the loading of Ir constitutes
a much larger issue compared to the extremely low loading of Pt used on the
hydrogen electrode [41]. Most new and active catalysts that are active for OER
in alkaline environment are based on Ni, Fe and Co. These transition metals
are unfortunately not stable as solid phases in acidic environment [138]. Con-
versely, MnO2, an intensely studied material due to its abundance and role in
Photosystem II [155,161], is stable as a solid phase in acidic pH from 1.3 to 1.7
VRHE [138]. This potential range is important for water oxidation as it spans
the range where an anode in an electrolyzer would operate. Although active,
MnO2 requires a signiﬁcant overpotential to drive the oxygen evolution reaction
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compared to Ru or Ir based catalysts, so the anodic formation of MnO−4 above
1.7 VRHE is an issue that must be taken into account. In the previous chapter
the dissolution rates of MnOx thin ﬁlms were measured in alkaline environment
and an unsatisfactory lifetime was predicted. In this chapter, focus will be on in-
vestigating the stability of the MnOx ﬁlms in acidic environment, together with
a novel strategy for improving the stability. This strategy will ﬁrst be explained
on a basis of Density Functional Theory calculations and then an experimental
approach will be presented. These ﬁndings are also reported as the appended
paper III.
5.1 MnOx thin ﬁlms in sulfuric acid
To investigate the stability of MnOx in acid, a test protocol similar to the
one presented in chapter 4 was employed. The thin ﬁlms were prepared in
the same way and deposited on either quartz crystal microbalances or gold
polycrystalline samples. The main diﬀerence from testing in alkaline stems
from the fact that MnOx dissolves as Mn2+ at potentials below 1.3 VRHE. It is
possible that in a real electrolyzer this could be solved by using a backup battery
that can maintain the potential above a critical value at all times. However, for
this early stage investigation the potentiostat is used instead of such a battery.
The electrode was ﬁrst immersed into the electrolyte under potential control at
1.4 VRHE, using a Pt mesh as auxiliary working electrode. Then initial cyclic
voltammetry, Electrochemical Impedance Spectroscopy, Ohmic drop correction
and chronoamperometry techniques are started. The protocol is similar to the
one presented in ﬁgure 4.4, but throughout the whole experiment the potential
never drops below 1.4 VRHE. The initial cyclic voltammetry is used to evaluate
the activity which can be compared to the experimental studies reported in the
literature, some of which are shown in ﬁgure 5.2. In ﬁgure 5.1 a ﬁrst anodic
scan is shown for the same type of thin ﬁlm tested in both sulfuric acid and
potassium hydroxide. There is a clear diﬀerence in the activity, which is much
higher in alkaline solution. There is also a diﬀerence in the Tafel slope which
in KOH is about 70 mV/decade and in H2SO4 170 mV/decade. The reason
for the lower activity in acid is currently not well established in the literature.
Nocera and co-workers proposed an explanation based on a disproportionation
reaction which minimizes the amount of Mn3+ species at the surface in acidic
solution [166]. Their conclusions were primarily based on analysing Tafel slope
as function of the pH. However, these conclusions were for a catalyst with a Tafel
slope higher than 600 mV/dec in acidic media. Takashima et al. had previsously
reported a similar explanation based on UV-vis spectroelectrochemical detection
of Mn3+, which was observed to coincide with OER onset [164]. However,
they tested the catalyst down to a pH of 4 and found the largest overpotential
in neutral solution. The hypothesis about Mn3+ as the active species is in
contrast to another report by Su et al. where MnO2, or Mn4+, was found
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most stable at the surface of MnOx at OER relevant potentials, based on DFT
calculations [131]. The binding energies for MnO2 to OER intermediates are
also more favorable than the ones found for Mn2O3 [98]. The thermodynamic
analysis from Pourbaix also shows MnO2 as the most stable phase in both acid
and alkaline under OER conditions [138].
Figure 5.1: Cyclic voltammetry measurements of MnO2 in 0.05 M H2SO4, blue
line, and 1M KOH, dashed green line. Both measurements were taken with 5 mV/s in
an RDE setup using 1600 RPM and the ﬁrst anodic scan is shown. The inset shows
the same data as a Tafel plot in a smaller potential range, from which the Tafel slopes
can be found.
The question is how the activity of the thin ﬁlms presented here compares to
other reports of Mn based oxides tested in acid. The ﬁrst of these reports
date back to 1977 with the work done by Morita et al. [158] who prepared
Mn oxide electrodes by thermal decomposition. More recent reports include
electrodeposited thin ﬁlms prepared by Huynh et al. [166], layered Mn-Ca oxides
by Najafpour et al. [211] and δ-MnO2 particles from Takashima et al. [164]. Due
to the varying experimental conditions they will be compared on a turnover
frequency, TOF, basis, taking into account an estimate of the amount of active
sites contributing to the current. In ﬁgure 5.2 this comparison is shown, where
a TOF range is given for each material.
The TOFmin is based on the total amount of Mn atoms used and gives a lower
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Figure 5.2: Comparison of activities achieved with MnOx based catalysts for OER
in acid on a TOF basis. The lower TOF is found from normalising with all Mn atoms
in the catalyst, whereas the maximum is found from assuming a perfectly ﬂat surface,
where only the ﬁrst layer participates in the reaction. The catalyst from this work
is shown in red. The thick MnOx catalyst from Morita et al. is in blue [158], the
δ-MnO2 catalyst from Takashima et al. in green [164], the electrodeposited MnOx
from Huynh et al. in yellow [166] and the Ca-MnOx particles from Najafpour et al.
in magenta [211].
limit of the turnover frequency. It was calculated with the following equation:
TOFmin =
j ·MMnO2
4 ·NA · e · Vcat · ρMnO2
(5.1)
where j is the current measured, MMnO2 the molar mass of MnO2, 4 electrons
are transferred per O2 molecule formed, NA is Avogadro's constant, e is the
elementary charge of an electron, Vcat the corresponding volume of the catalyst
and ρMnO2 is the density of MnO2. The TOFmax is instead based on the Mn
atoms of an atomically ﬂat surface assuming that the electrodes reported in the
respective papers have a roughness of 1. From the comparison in ﬁgure 5.2 the
MnOx thin ﬁlm from this work stands out as the more active, except for the
upper TOF limit of the electrode reported by Morita et al. It should be noted
that the thermal decomposition method tends to yield high roughness factors
[99] and in fact the same group later reported roughness factors between 50 and
100 for similar ﬁlms [159]. It is likely that the roughness factor is proportional to
the number of active sites available for the reaction. The stability in acid of the
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MnOx thin ﬁlms used in this project will be evaluated from chronoamperometry
experiments at 1.8 and 1.9 VRHE, which are more anodic than the equilibrium
potential of MnO−4 formation. In 1 M KOH the dissolution rates were found
to be 332 and 1570 ng/cm2 over two hours respectively, using the results from
ICP-MS. In ﬁgure 5.3 these results are compared to the rates in 0.05 M sulfuric
acid.
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Figure 5.3: Comparison between the rates of mass loss of MnO2 thin ﬁlms in 0.05
M H2SO4 and 1 M KOH. The mass loss is for two hour tests at either 1.8 or 1.9 VRHE
and the error bars are based on at least three independent measurements.
The mass loss rates are similar in the two electrolytes and the predicted life-
times are certainly not satisfactory for real devices, as discussed in chapter 4.
However, if the MnO2 surface could be meta-stabilized it could lead to devel-
opment of inexpensive, active and stable catalysts for acidic water electrolysis.
An investigation of a method for such a stabilization will be described in the
next section.
5.2 A concept for improving stability of MnO2
As mentioned in the previous chapter the anodic dissolution of MnO2 occurs
through formation of the permanganate ion, MnO−4 , as described in equation
4.2. This process takes place at the surface of the thin ﬁlm where the exposed
Mn atoms can be oxidised. Interestingly, it has been reported that the sites that
dissolve with the lowest energy barrier are undercoordinated sites, such as steps
and kinks [212, 213]. The same conclusion can also be reached from a simple
argument based on the surface formation energy. In a dissolution process an
atom is removed from the surface, leaving behind a new surface structure with
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a new surface formation energy. The diﬀerence in surface formation energies
for initial and ﬁnal state has to be considered in evaluating the probability of
the process. If a kinked site or a stepped row are removed, the surface left
behind has exactly same structure as before. In terms of surface formation
energy there is no change either. If instead an atom from a ﬂat terrace is
removed it leaves behind a vacancy, which has a very high surface formation
energy. The removal of atoms from the ﬂat surface is therefore associated with
an extra energy barrier and it is therefore likely that the undercoordinated sites
are removed at lower potentials compared to ﬂat surface sites. The activity
of Mn oxides have been investigated with DFT calculations on the ﬂat terrace
sites, which matched very well with experimental results [131]. For other rutile
oxides the coordinatively undersaturated sites (CUS), located on ﬂat terraces,
have been used to predict the activity [90, 98]. This leads to an interesting
opportunity: if diﬀerent sites are indeed responsible for activity and stability it
could be possible to change the two properties independently from each other.
To modify the stability the undercoordinated sites must be protected. This
could be done by adding a more stable compound that would selectively block
or terminate the undercoordinated sites. The prospect of selectively blocking
some surface sites have been successfully carried out in numerous examples.
For Ru(0001), deposited Au or Cu atoms were observed to selectively block
the step edges [214, 215]. This had enormous impact on such surfaces for N2
activation [216]. A study from Stensgaard and co-workers is particularly relevant
for oxides, where it was observed that palladium would nucleate selectively on
the step edges of Al2O3. For an MnO2 surface this process was investigated
with density functional theory, DFT, in my master thesis, which I conducted
prior to this Ph.D project [217]. Here a brief description of the results will be
given along with a short introduction to DFT.
5.2.1 Density Functional Theory
Density Functional Theory is a quantum mechanical theory that can be used to
calculate fundamental properties of materials. Since no DFT calculations have
been performed by me during this Ph.D only a short qualitative introduction
will be given. The reader is referred to a book about the subject [218] and my
master thesis [217]. With DFT, many-electron systems can be treated based on a
functional of the electron density described with spatial coordinates. The theory
originates from the idea of solving the time independent Schrödinger equation,
which in principle facilitates calculating all relevant ground state information
about a physical system:
HˆΨn(R, r) = EnΨn(R, r) (5.2)
En are eigenvalues and Ψn(R, r) are the eigenfunctions. The Hamiltonian Hˆ is a
complex operator which encompasses multicomponent, many body interactions
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and solving the equation explicitly is practically impossible, except for very
simple systems. Especially the repulsive interaction between electrons compli-
cates the treatment of large systems. These include exchange interaction, which
dictates that fermions can not occupy the same quantum state, and electronic
correlation, describing the interaction between electrons. DFT relies on the
Hohenberg-Kohn theorems which demonstrate that the ground state properties
of a system of electrons can be uniquely determined from the electron density.
In other words, if the electron density of a system is known, all ground state
properties can be determined accurately. This is actually a huge advantage,
since the density is a function of three spatial coordinates while treating every
electron in a system with N electrons would include treating 3N coordinates.
Furthermore, given a speciﬁc system of electrons, the correct electron density
minimizes the energy functional. With the Kohn-Sham approach the density
of electrons, and speciﬁcally exchange and correlation interactions, is approx-
imated and can be varied slightly until a minimum in ground state energy is
found. The approximation of the electron density to a high degree determines
both the accuracy and the computational cost of the calculation.
5.2.2 Summary of DFT results for for MnO2 modiﬁcations
Here a brief summary of the most important results from a previously conducted
DFT study will be presented. The focus is on the concept which have been
explored experimentally during the Ph.D. project. For more computational
details the reader is referred to the appended paper III.
Steps and kinks of rutile MnO2 were investigated for termination with Ti, Ge,
Sn, Pt, Ru and Ir dioxides. All of these materials, except Ru, are stable at anodic
potentials in acid. The question is which structure is energetically favourable.
Besides the undercoordinated structures modiﬁcations of ﬂat terrace sites and
the bulk oxide were investigated. The energetics of adding the guest materials
were evaluated as a termination energy, ∆E, based on the following equation:
∆E = Eterm − Eref − (Eunit,guest − Eunit,ref ) (5.3)
where Eterm is the total energy of the terminated structure, Eref the total en-
ergy of the original MnO2 structure, Eunit,guest the energy of a single unit of the
termination material and Eunit,ref the energy of a single unit of MnO2 which
is replaced. The energies of the single units are calculated as bulk formation
energy of the rutile compound. If this termination energy, ∆E, is negative,
it represents the energy gained by the system when another material is intro-
duced. If positive, the overall system energy has increased which represents an
unfavourable situation, i.e. a less stable structure.
While none of the materials exhibited favourable mixing into the bulk of MnO2
or surface incorporation, the termination of steps was energetically favoured for
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Ti and Ge which can be seen in ﬁgure 5.4. The termination energy for each
material is plotted as a function of the surface formation energy of the (110)
rutile surface. The trend shows that the system gains energy by terminating
steps with materials that have a lower surface formation energy than MnO2.
On the other hand a less stable system is created by termination of MnO2 with
materials with a higher surface formation energy.
Figure 5.4: Termination energy for six diﬀerent rutile metal dioxides on the steps of
a rutile (120) MnO2 surface as a function of the surface formation energy. The surface
formation energies are taken from [219]. The red arrow indicates that a positive
termination energy means that it will cost the system energy, whereas the blue arrow
indicate an overall lowering of system energy.
The results suggest that termination of the steps with Ti and Ge is feasible.
Modiﬁcation of MnO2 with TiO2 is particularly promising as TiO2 is abun-
dant and has been proven a viable protection layer for other electrochemical
systems [220224]. The same type of calculations was also performed for kinked
structures and again it was found that termination of Ti was favourable. These
simple calculations indicate that it is feasible to terminate undercoordinated
surface sites of MnO2. In the following an experimental investigation of this
concept will be presented.
5.3 Experimental validation of the concept
To investigate whether the stabilization concept could be realized experimen-
tally, mixed Ti-MnO2 ﬁlms were prepared by sputter deposition. The deposition
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parameters were the same as described earlier for the pure MnO2 ﬁlms with the
exception that for the last 5 nm, Mn and Ti were co-deposited in a ratio corre-
sponding to 4:1. The concentration value is on a total metal basis, i.e. TiT i+Mn .
The substrates were QCMs and Au polycrystalline samples which were kept at
200 oC during deposition. A schematic of the mixed thin ﬁlm samples can be
seen in ﬁgure 5.5.
Figure 5.5: Schematic showing the layered structure of the thin ﬁlm samples. The
lowest layer, in teal, is a quartz oscillator which is used for the frequency measure-
ment. A gold layer, in yellow, is deposited for electronic contact to the catalytic layer.
Between the quartz and the gold a thin titanium layer is deposited for adhesion but
this is not shown on the ﬁgure. On top of the gold layer a 35 nm thin MnO2 ﬁlm is
deposited, shown in blue. Finally the last 5 nm consist of mixed Ti-MnO2 deposited
by co-sputtering, shown in lighter blue with a shadow line.
The deposition rates of Mn and Ti were calibrated with an in-chamber QCM
to match 20 % Ti ratio and this was conﬁrmed by X-ray Photoelectron Spec-
troscopy, XPS. XPS measurements were conducted before and after electro-
chemical test for a set of samples and Mn2p and Ti2p peaks were used for
quantiﬁcation. In ﬁgure 5.6a-d the XPS data can be seen for both peaks before
and after testing. A simple integration of the peaks was used to obtain atomic
percentage values. Both before and after test, the Mn:Ti ratios were approxi-
mately 4:1. The XPS measurements were also used to conﬁrm that the Mn3s
multiplet and Mn2p 12 satellite positions were consistent with a MnO2 stoichiom-
etry, as for the pure ﬁlms described in chapter 4. This was indeed the case and
in this chapter the thin ﬁlms will be denoted as Ti-MnO2 and MnO2.
The morphologies of these ﬁlms were investigated with Scanning Electron
Microscopy, SEM. Four diﬀerent samples were used, MnO2 and Ti-MnO2 as
prepared and after electrochemical testing. In this way, diﬀerences introduced
by titanium modiﬁcation could be investigated as well as from the stability tests.
To facilitate comparison among the tested ﬁlms, all the samples for SEM were
deposited on EQCM substrates, which were then broken into smaller pieces and
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Figure 5.6: XPS measurements of the Mn2p and Ti2p peaks for Ti-MnO2 ﬁlms.
a) Mn2p for the as-prepared sample. b) Mn2p for the tested sample. c) Ti2p for the
as-prepared sample. d) Ti2p for the tested sample. These peaks were intergrated and
used for quantiﬁcation of the Ti content.
attached to aluminium stubs for the microscope stage. Since these substrates
consist of a thin gold ﬁlm on electronically insulating quartz it is critical to
ensure that the ﬁlm has optimal electronic contact to the stub. To avoid charging
eﬀects from the electron beam, silver paste was used to glue the samples to the
stubs and only a small area of thin ﬁlm was left visible. In ﬁgure 5.7a-d images
of the surfaces can be seen.
The surface of an as-prepared MnO2 thin ﬁlm consists of small, elongated, plate-
like structures in the size of approximately 10-20 nm, as shown in ﬁgure 5.7a.
At the same time the structures seem densely packed and are not likely to
contribute to a high roughness factor compared to electrodeposited samples or
electrodes prepared by thermal decomposition [45, 151]. In ﬁgure 5.7b the sur-
face of a tested MnO2 ﬁlm is shown and, compared to the as-prepared sample,
there are only minor diﬀerences. The structures seem slightly more elongated
and possibly a bit less densely packed. However, no dramatic changes has been
induced from the electrochemical test. In ﬁgure 5.7c an as-prepared Ti-MnO2
ﬁlm can be seen, which again looks very similar to the pure MnO2 ﬁlm. The
same plate-like features are visible. Finally, in ﬁgure 5.7d, a tested Ti-MnO2
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Figure 5.7: SEM micrographs of MnO2 and Ti-MnO2 ﬁlms. a) Surface of as-
prepared MnO2. b) Surface of a tested MnO2 ﬁlm. c) Surface of as-prepared Ti-MnO2
ﬁlm. d) Surface of tested Ti-MnO2 ﬁlm. All images are taken with the FEI Helios
EBS3 Microscope at DTU CEN and were acquired by Katarzyna Janik. Acceleration
voltage was 3 kV and beam current 0.17 nA.
ﬁlm is shown and there are no dramatic changes to observe. In fact, the tested
Ti-MnO2 surface looks similar to the as-prepared MnO2 surface and appears
slightly more dense than the surface of the tested MnO2 in ﬁgure 5.7b. Overall,
these images serve to show that: a) The thin ﬁlms surfaces are not perfectly ﬂat
but consist of small nanoplates which are not likely to introduce a high rough-
ness, b) modiﬁcation with Ti does not lead to changes in surface morphology,
which facilitates straighforward comparison of the electrochemical results and
c) electrochemical testing of these samples does not seem to induce dramatic
changes in the surface structure.
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The ﬁlms were subjected to the same tests as described in section 5.1. From
the initial CVs it was observed that the activity was slightly lower for the mixed
ﬁlms. Ideally the activity could be kept at the same level, which would require an
optimization of the Ti concentration and likely a ﬁne-tuning of the temperature
treatment. Optimally, the amount of Ti atoms added would match the number
of undercoordinated sites since any excess of Ti is likely to lower the activity.
Therefore, the current density could decrease with up to 20 % due to the Ti
concentration. A deactivation is certainly observed from the CVs in ﬁgure 5.8a.
However, after prolonged tests the current densities become more similar to each
other as observed from the chronoamperometry test in ﬁgure 5.8b.
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Figure 5.8: a) Cyclic voltammetry of MnO2 and Ti-MnO2 ﬁlms at 5 mV/s. First
anodic scans are shown for both. The potential scale has been corrected for Ohmic
drop. b) Chronoamperometry test at 1.9 VRHE. Test conducted in 0.05 M H2SO4.
For both graphs results for the pure MnO2 ﬁlm are in blue and the Ti-MnO2 in red.
The stability test protocol was carried out using both EQCM samples and RDE
samples. For both setups, three samples with and three samples without Ti
were tested. The results were then compared on basis of activity and stability.
For the EQCM tests the results are summarized in ﬁgure 5.9. At 1.8 VRHE the
activity goes down with 18 % due to the Ti modiﬁcation while the mass losses
decrease with 47 %. At 1.9 VRHE the activity is decreased with 10 % and the
mass loss with 40 %. From these values it is clear that modiﬁcation with Ti
leads to a stabilizing eﬀect for the MnO2 surface, even though the mass losses
are not completely stopped.
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Figure 5.9: a) Activity of MnO2 and Ti-MnO2 supported on EQCM crystals at
1.8 and 1.9 VRHE measured in 0.05 M sulfuric acid. The activity is expressed as the
current density measured one hour into the test. b) Mass losses of MnO2 and Ti-MnO2
at 1.8 and 1.9 VRHE. The mass losses here are based on ICP-MS measurements before
and after each two hour test. For both graphs MnO2 results are shown in blue and
Ti-MnO2 in red. Error bars indicate ±1 standard deviation from three independent
measurements.
The comparison in ﬁgure 5.9b is based on the ICP-MS measurements and these
can be compared to the EQCM frequency measurements. In ﬁgure 5.10 the
mass losses at 1.9 VRHE as a function of time are shown, again based on three
independent measurements for both Ti-MnO2 and MnO2. The mass losses start
out in a similar pace but towards the end the rate of mass loss is in fact 40 %
lower for the Ti modiﬁed ﬁlms. It should be noted that the absolute mass loss
measured with the EQCM is slightly lower than what is estimated from the
ICP-MS, but the trends are the same.
Finally, the same type of experiments were carried out in a RDE setup using Au
polycrystalline samples as disks. The RDE tests were conducted in a standard
three electrode glass cell with rotation speed of 1600 RPM. In ﬁgure 5.11 the
results of those tests can be seen. It is again evident that the mass loss decrease
is more signiﬁcant than the decrease in current density. It should be noted
however, that both the current density and the mass loss after Ti modiﬁcation
are decreased by a larger percentage for the RDE tests compared to what is
seen for the EQCM tests. At 1.9 VRHE the current is decreased with 30 % and
the mass loss 60 %. Nevertheless, there is still a signiﬁcant diﬀerence between
the two values with the mass loss decrease being the larger.
Without any selective termination eﬀects a MnO2 surface with 20 % TiO2 is
expected to have a 20 % decrease in activity towards OER combined with a
20 % slower dissolution rate. Judging from the results presented here this is
not the case. For the EQCM tests the activity of Ti-MnO2 approaches the one
for pure MnO2 after prolonged testing. At the same time, the mass losses are
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Figure 5.10: Mass change over time for MnO2, blue, and Ti-MnO2, red, during two
hour chronoamperometry test at 1.9 VRHE in 0.05 M H2SO4. The change in mass is
based on measuring the frequency change with the EQCM. The shaded areas indicate
±1 standard deviation from three independent measurements.
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Figure 5.11: a) Activity of MnO2 and Ti-MnO2 supported on Au polycrystalline
disks at 1.8 and 1.9 VRHE measured in 0.05 M sulfuric acid. The activity is compared
as the current density measured one hour into the test. b) Mass losses of MnO2
and Ti-MnO2 at 1.8 and 1.9 VRHE. The mass losses here are based on ICP-MS
measurements before and after each two hour test. For both graphs MnO2 results are
shown in blue and Ti-MnO2 in red. Error bars indicate ±1 standard deviation from
three independent measurements.
decreased signiﬁcantly more than the 20 %, indicating that a better compro-
mise between stability and activity can be reached through the Ti modiﬁcation.
At the same time the XPS measurements showed that there is no enrichment
of Ti in the surface after electrochemical testing. This is important since a
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Ti rich surface could block the catalytic sites and over time make the surface
completely inactive for oxygen evolution. These results are therefore consistent
with the notion that undercoordinated sites on the MnO2 surface are selectively
terminated by Ti, causing a stabilizing eﬀect without signiﬁcantly blocking the
oxygen evolution reaction. Further optimization of this concept could lead to
even better performance. It is also possible that other materials could provide
improved protection of the undercoordinated sites. In this study only TiO2 was
investigated experimentally, due to the earlier DFT study. However, since the
MnO2 ﬁlm is not crystalline and the Ti modiﬁcation still leads to a stabilized
surface, it is likely that the most important criteria for successful termination is
using a material with a very low surface formation energy which is also stable
at highly oxidising conditions.
5.3.1 Stabilization in alkaline electrolyte
The Ti-MnO2 ﬁlms were also tested for stability in alkaline solution. As shown
in ﬁgure 5.3, the mass losses for the pure MnO2 ﬁlms were very similar in acid
and alkaline environment. It is therefore expected that the stabilization obtained
by Ti modiﬁcation works in alkaline as well. Tests conﬁrming this notion were
therefore carried out with 1 M KOH as electrolyte. The test protocol was the
same as described previously, with cyclic voltammetry, stabilization at 1.4 VRHE
and then chronoamperometry at 1.8 and 1.9 VRHE. In ﬁgure 5.12a and b the
results are shown for activity and stability, respectively. The deactivation at 1.8
VRHE is 47 % and at 1.9 VRHE it is 30 %. These percentages are higher compared
to the results for acidic electrolyte, where the corresponding deactivation was
19 and 10 % at those two potentials. It is possible that the Ti content in the
samples used for alkaline measurements is slightly higher due to small changes
in deposition rates over time. However, additional calibration of these rates
indicated no such changes. The stability data in ﬁgure 5.12 shows that the Ti-
MnO2 exhibits signiﬁcantly lower mass losses in alkaline environment compared
to MnO2. At 1.8 VRHE the mass losses are 61 % lower and at 1.9 VRHE the
decrease is 65 %.
The measurements in alkaline therefore conﬁrm that it is possible to obtain a
more stable surface by mixing Ti into the MnO2 ﬁlm. In this case the deactiva-
tion turned out to be more signiﬁcant but it was matched with a large decrease
in mass loss. The results show that it is possible to obtain better balance be-
tween activity and stability and the results in alkaline adds to the generality of
the concept.
At this point the results are suggesting that the concept of terminating underco-
ordinated sites can work. However, it is expected that through optimization of
the deposition process, the deactivation could be avoided while achieving even
lower mass losses. Judiciously chosen annealing treatments could induce mo-
bility for the Ti atoms in the ﬁlm. Furthermore, by varying the concentration
it is possible that the number of undercoordinated sites at the surface can be
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Figure 5.12: a) Activity of MnO2 and Ti-MnO2 supported on EQCM crystals at
1.8 and 1.9 VRHE measured in 1 M KOH. The activity is compared as the current
density measured one hour into the test. b) Mass losses of MnO2 and Ti-MnO2 at
1.8 and 1.9 VRHE. The mass losses here are based on ICP-MS measurements before
and after each two hour test. For both graphs MnO2 results are shown in blue and
Ti-MnO2 in red. Error bars indicate ±1 standard deviation from three independent
measurements.
matched with a suﬃcient amount of Ti atoms. Another point worth discussing
is the reproducibility of these experiments. So far the averaged results have
been discussed and in the graphs error bars are shown based on standard devi-
ation. In some cases these error bars are rather large, which indicates a large
spread in results. This was especially true for the measurements in alkaline. At
this stage it is diﬃcult to assess the exact reason. However, both the current
density measurements and mass losses are highly dependent on the electrochem-
ical potential. As mentioned earlier, the applied potentials were corrected for
Ohmic drops with a feature in the potentiostat but if the resistance of the sys-
tem somehow change during a test, the current method does not accommodate
for that. For just a few Ohms diﬀerence a large change in current density can be
expected. In a few cases the Ohmic drop was measured before and after a two
hour test and sometimes there would be a change of 1-2 Ohm, while in other
instances it would be the same. These resistance changes could be a reason for
the spread in current and mass losses, however, it is not likely to have a large
impact on the overall results.
5.3.2 Titania overlayers for stabilized MnO2
While most of this thesis follows a chronological order, this small section will
be an exception. Initially, the stabilization predicted by the DFT calculations
was investigated by depositing thin overlayers of titania, TiO2, on top of the
MnO2 ﬁlms. This is in contrast to the physical mixing of Ti and Mn obtained by
co-sputtering as explained above. To indicate the diﬀerence between overlayer
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TiO2 and mixed oxides, the samples prepared with overlayers will be denoted
TiO2/MnO2. These samples were tested with a slightly diﬀerent protocol com-
pared to what has been explained earlier; after initial cyclic voltammetry and a
stabilization period at 1.4 VRHE, chronoamperometry measurements were per-
formed for one hour at 1.7, 1.75, 1.8 and 1.85 VRHE subsequently. Furthermore,
the stability is based solely on EQCM data, since the ICP-MS equipment had
not been installed at the time. At 1.7 VRHE both current and mass losses
are negligible, hence, this data will not be included here. First, an overlayer
thickness of nominally 1.5 Å was investigated. This thickness corresponds to
approximately half a monolayer coverage assuming rutile (110) surface termi-
nation of TiO2. Such an assumption is rather crude as these really thin layers
are not very likely to be crystalline unless the conditions are met for epitaxial
growth. In this case the MnO2 ﬁlm is not crystalline and epitaxial growth is
not expected. Furthermore, the QCM calibration of deposition rates is made for
thicker layers (15-20 Å), which means that for very thin ﬁlms the uncertainty
in rate is more critical. Depositing 1.5 Å is likely to result in too much TiO2
but on the other hand with too little TiO2 it could be diﬃcult to measure any
diﬀerence in stability. The results of depositing 1.5 Å TiO2 on top of MnO2 is
shown in ﬁgures 5.13a and b.
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Figure 5.13: a) Activity of MnO2 and TiO2/MnO2 at 1.75, 1.8 and 1.85 VRHE
measured in 0.05 M H2SO4. The activity is compared as the current density measured
after one hour. b) Mass losses of MnO2 and TiO2/MnO2 at 1.75, 1.8 and 1.85 VRHE.
The mass losses here are based on EQCM measurements of the frequency change
during one hour tests. The TiO2 layer is nominally 1.5 Å and the error bars indicate
± 1 standard deviation from 3 independent measurements.
The activity of the MnO2 thin ﬁlm has decreased upon addition of the TiO2
overlayer. At 1.85 VRHE the measured current is on average 17 % lower for
TiO2/MnO2. In an ideal case where the MnO2 is perfectly ﬂat, 1.5 Å of TiO2
is likely block a large fraction of the surface, leading to up to 50 % decrease
in current density. However, the samples prepared here are not perfectly ﬂat
92 Towards a stable and inexpensive catalyst for OER in acid
as was observed with Scanning Electron Microscopy, ﬁgures 5.7a-d. It is also
possible that excess TiO2 forms particles with low adhesion to the surface. These
factors complicate the evaluation of an appropriate amount of TiO2 used to
block the undercoordinated sites. However, from the stability results in ﬁgure
5.13b it is evident that the TiO2 overlayer leads to lower mass losses. At 1.85
VRHE the mass losses are on average 55 % lower. It is therefore likely that less
undercoordinated sites are available for dissolution. However, since the mass
loss is not zero some of these sites are still not covered, which could indicate
that the mobility of TiO2 on MnO2 is too low at 200 oC. To test the eﬀect of
overlayer thickness two other samples were prepared; TiO2/MnO2 with 0.5 Å
and 5 Å TiO2. The mass losses measured for the short term tests are shown in
ﬁgure 5.14.
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Figure 5.14: Mass losses at 1.85 VRHE for MnO2 and TiO2/MnO2 at 1.85 VRHE,
measured in 0.05 M H2SO4, as a function of overlayer thickness. The mass losses here
are based on EQCM measurements of the frequency change during one hour tests.
A TiO2 overlayer thickness of 0.5 Å results in lower mass losses compared to
the pure MnO2, 35 %, but the stabilization is less drastic than for 1.5 Å. Fur-
thermore, a thicker overlayer of 5 Å only leads to a stabilization of around 37
% compared to pure MnO2. These results indicate that there is an optimum
in overlayer thickness, which is around 1.5 Å. It is especially surprising that
the stabilizing eﬀect of 5 Å is lower than for 1.5 Å but it could be explained
with excess TiO2 forming particles on the surface. Such particles would have
a very diﬀerent interaction with the MnO2 surface and are not likely to selec-
tively block undercoordinated sites. In fact, with the very low reactivity of TiO2
particles it is possible that they will simply detach under reaction conditions.
At the same time a low mobility of TiO2 on MnO2 could be the reason why a
0.5 Å layer is not stabilizing the surface as signiﬁcantly as 1.5 Å. These three
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overlayer samples were also tested for a prolonged time after the initial short
term chronoamperometry. Speciﬁcally they were tested at 1.8 for 10 hours and
then at 1.85 V for 8 hours, while the mass losses were evaluated with the EQCM
frequency measurement. The results are shown in ﬁgure 5.15a and b, for current
density and mass losses respectively.
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Figure 5.15: a) Current density of MnO2 and TiO2/MnO2 samples at 1.8 and
1.85 VRHE, measured in 0.05 M H2SO4. b) Mass losses of MnO2 and TiO2/MnO2 at
1.8 and 1.85 VRHE. The mass losses here are based on EQCM measurements of the
frequency change. MnO2 is in red, 0.5 Å TiO2/MnO2 in green, 1.5 Å TiO2/MnO2 in
red and 5 Å TiO2/MnO2 in purple.
The activities of the TiO2/MnO2 are in this case signiﬁcantly lower than the
pure MnO2. It should be noted that compared to the average for pure MnO2,
the sample used for long term testing had more than 30 % higher current density.
Regarding the stabilizing eﬀect of the overlayers it is again clear that the 1.5
Å thickness yields the most signiﬁcant eﬀect. After 10 hours at 1.8 VRHE the
1.5 Å TiO2/MnO2 lost 93 % less mass compared to the pure MnO2. After 18
hours the combined mass loss for 1.5 Å TiO2/MnO2 is 70 % less than what
was observed for the pure MnO2. However, the two other overlayer thicknesses,
0.5 and 5 Å, exhibited stability improvements less impressive than the 1.5 Å
overlayer.
With overlayer deposition it is important that the mobility of the Ti atoms is
suﬃciently high so that the undercoordinated sites are blocked by incoming Ti
atoms. The mobility can be tuned by changing substrate temperature. For
all the samples presented here the substrate temperature was kept at 200 oC
during deposition. It is possible that this is not high enough to give the titanium
mobility at the surface and it is therefore an important parameter to investigate
in future studies. At the same time there is a chance that the TiO2 will simply
form particles and minimize the interaction with the MnO2 surface. In principle,
the Ti atoms are sputtered oﬀ the target as single atoms or clusters consisting
of very few atoms, however, if larger clusters were to form it could explain
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insuﬃcient coverage of undercoordinated sites.
For these reasons the TiO2/MnO2 approach was put on hold and mixed oxide
ﬁlms, Ti-MnO2 were investigated instead. It would, however, be relevant to
conﬁrm the structure of the overlayers regarding particle formation and espe-
cially selective blocking of undercoordinated sites. Furthermore, varying the
substrate temperature either during deposition or as an extra annealing treat-
ment could lead to better results. Due to the time limit of my Ph.D. project
these investigations were not pursued.
5.3.3 Cathodic dissolution in acid
The mixed Ti-MnO2 ﬁlms were also tested for cathodic dissolution in acid with
and without titanium added to the surface. The cathodic dissolution process
is diﬀerent from the anodic since it is a reduction of the MnO2 surface instead
of an oxidation but it is possible that the TiO2 can have a stabilizing eﬀect
towards that reaction as well. The dissolution reaction can be formulated as the
following [138]:
MnO2 + 4H
+ + 2e− → Mn2+ + 2H2O (5.4)
The equilibrium potential of this reduction reaction is 1.23 V at pH 0. This
process is fast compared to anodic dissolution and therefore a slightly diﬀer-
ent experimental approach was followed. The MnO2 and Ti-MnO2 ﬁlms were
deposited on EQCM samples as before and the electrodes are again immersed
under potential control at 1.4 VRHE. Three initial potential cycles were then
initiated, followed by a stabilization period at 1.4 VRHE. After reaching close to
zero drift in the frequency, the potential was cycled towards 1 VRHE with a scan
rate of 0.5 mV/s. This allowed for recording a dissolution proﬁle, on the basis
of the frequency change, as a function of applied potential. These proﬁles can
be seen in ﬁgure 5.16 for both Ti-MnO2 and MnO2, based on three independent
tests for each. The loss of mass observed with this experimental procedure is
more drastic than what was observed for the anodic dissolution. At 1.15 VRHE,
80 mV cathodic of the equilibrium potential, the pure MnO2 ﬁlms have lost 58
% of the original mass. In comparison the amount of material dissolved from
the MnO2 ﬁlms after two hours at 1.9 VRHE, 200 mV anodic of the MnO−4
equilibrium potential, was approximately 7 %.
For the Ti modiﬁed ﬁlms the mass loss proﬁle is diﬀerent from the MnO2 ﬁlms.
At 1.15 VRHE the mass loss of Ti-MnO2 is 26 %, less than half of the mass lost
in the pure ﬁlms. This clearly suggests a stabilizing eﬀect from the titanium,
similar to what was observed for the anodic dissolution. The overall shift of
the dissolution proﬁle due to Ti is approximately 30 mV at 10 % of the mass
dissolved and 40 mV at 90 %. For an actual electrolyzer such a potential shift
is not likely to make a big diﬀerence. A battery solution will still be needed for
providing potential control when the electrolyzer is not running. Nevertheless,
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Figure 5.16: Change in mass for MnO2, blue, and Ti-MnO2, red, in 0.05 M H2SO4
when the potential is scanned cathodically from 1.4 to 1 VRHE at 0.5 mV/s. The mass
change is plotted as percentage of the original mass that is left on the electrode as
function of the potential. The shaded areas indicate ±1 standard deviation from three
independent measurements.
it is promising that the stabilization strategy is likely to improve both cathodic
and anodic stability of MnO2.
5.4 Conclusion
In this chapter the stability and activity towards oxygen evolution of Mn oxide
thin ﬁlms have been characterized in acidic environment. The motivation behind
this study is the lack of active non-noble metal based catalysts for OER that can
work in the acidic environment of PEM cells. MnO2 is a unique material since
it is an active OER catalyst and is stable in acid in the potential region relevant
for water oxidation. Regarding activity, the ﬁlms are signiﬁcantly less active in
sulfuric acid compared to in potassium hydroxide. More speciﬁcally they suﬀer
from a high Tafel slope of 170 mV/decade in acid compared to approximately
70 mV/decade in alkaline. Furthermore, at 400 mV overpotential the current
density in acid is around half the one achieved in alkaline. However, even with
this deactivation it was shown that the ﬁlms prepared for this project are among
the most active non-precious metal oxides for oxygen evolution, albeit still far
from the performance of Ru or Ir based electrodes. The stability of the ﬁlms
was characterized with EQCM and ICP-MS measurements using a rigorous test
protocol. The mass losses due to anodic dissolution were found to be the same
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for alkaline and acid based on the two hour tests at 1.8 and 1.9 VRHE. These
mass loss rates yield a fairly short lifetime for the ﬁlms which must be improved
if they are to be used in electrolyzers. Therefore a strategy for stabilization
was presented, including a short summary of a DFT study previously carried
out as a master project. The concept is based on terminating undercoordinated
sites that are likely to dominate in the dissolution process. TiO2 was found
to be a possible termination material, and was tested experimentally. Mixed
Ti-MnO2 ﬁlms, with 20 % Ti, were prepared by co-sputtering and characterized
with XPS and electrochemical tests. The mixed ﬁlms exhibited slightly lower
activities but also signiﬁcantly lower mass losses compared to the pure MnO2.
At 1.9 VRHE the mixed ﬁlms sustained 10 % lower current density, while the
mass losses were 40 % lower. Finally, the rate of cathodic dissolution, a very fast
process, was investigated for both mixed Ti-MnO2 and MnO2. The introduction
of Ti led to a more stable surface, which dissolved at around 25-30 mV more
cathodic potentials. The results presented here serve as a ﬁrst step towards
inexpensive catalysts for OER in PEM cells. It is not likely that the stability
improvements reached are enough to facilitate the use of Mn based catalysts
but to this author's best knowledge, it is currently the ﬁrst viable strategy to
stabilizing an OER catalyst for use in acid. With further optimization of the
preparation technique and a wider search for material combinations it could be
possible to reach the goal of a catalyst that is based on abundant elements.
Chapter 6
The beneﬁcial interaction
between Au and MnOx
The search for new electrocatalysts for the oxygen evolution reaction has long
involved mixed materials beneﬁting from interactions rather than the addition
of their individual properties. However, with the scaling relations in place it ap-
pears that further activity enhancements are highly unlikely from most standard
surface structures. Even with close to optimal binding energies to intermedi-
ates, an overpotential of around 300 mV seems necessary to drive the oxygen
evolution reaction at appreciable current densities. Constructing surfaces for
which the scaling relations do not hold is therefore a critical challenge. In chap-
ter 2, section 2.5.2, a few examples of beneﬁcial combinations of materials were
highlighted. In this chapter the focus will be on the interaction between Au and
MnOx, which results in large activity improvements. First, a conceptual model
based on binding energies will be introduced, see appended paper II. Then an
experimental approach will be presented, where the objective is a comprehensive
characterization of mixed Mn-Au thin ﬁlms. The experimental results obtained
from this study constitute the basis for the appended paper IV.
6.1 Theoretical model of Au-MnOx interaction
As mentioned in chapter 2, scaling relations express the linear relationship re-
garding binding energies for alike adsorbates. Speciﬁcally for the oxygen evolu-
tion reaction, *O, *OH and *OOH bind in a similar fashion to most surfaces and
changing the binding strength to one of them necessarily changes the binding
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to the two others. The scaling relations therefore implies a constant oﬀset in
binding energy between *OH and *OOH of approximately 3.2 eV for a large
range of materials. Since the optimal catalyst should have an oﬀset of 2.46 eV
the scaling relations predict that the best catalysts will need 3.2−2.46eV2e = 0.37
V in overpotential to drive the reaction at high current densities [98]. To ﬁnd
better catalysts it is necessary to design surfaces that do not obey the scaling
relations. However, an interesting starting point for such a venture is to look for
materials that exhibit activity improvements beyond what is predicted from the
binding energies. For this project it is particularly interesting that the activity
of MnOx based materials have been reported improve in OER activity when
Au is present either as a substrate or as nanoparticles [225227]. The same has
been found for CoOx and Ni hydroxides [228230]. In ﬁgure 6.1 a few selected
examples can be seen.
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Figure 6.1: Examples from literature combined in a Tafel plot, where improvements
in activity towards OER are obtained for Au-MnOx and Au-CoOx systems. α-MnO2-
AuNP results are from Kuo et al. [226] and are shown in purple. MnOx/Au on GC is
from Gorlin et al. [225] and are shown in red. Co oxide on Au are from Lu et al. [228]
and are shown in blue.
The improvements for the mixed Au-MnOx systems are signiﬁcant with de-
creasing overpotentials ranging from 100 - 200 mV for the same current density.
Currently, there is no established explanation for the activity enhancements.
From the work by Kuo et al. it is proposed that Au facilitates the formation
of more active Mn3+ species on the surface, which they state have a more la-
bile Mn-O bond compared to Mn2+ and Mn4+. This statement was supported
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by ex-situ X-ray Absorption Near Edge Spectroscopy, XANES, measurements,
where they observed a small shift of the Mn K-edge threshold towards lower en-
ergies when Au is present. Such an energy shift would be consistent with a small
decrease of the average oxidation state of Mn. However, from DFT calculations
and the Pourbaix diagram of Mn in aqueous environment, it is not expected that
a high concentration of Mn3+ can be sustained at potentials above 1.4 VRHE
where MnO2 is the most stable oxide [131, 138]. At the same time the binding
energy of ∗O to Mn2O3 is too strong so that the formation of ∗OOH requires
a large overpotential [98, 131]. On MnO2 the binding energies are actually dis-
tributed a bit better for oxygen evolution.
For Ni and Co hydroxides supported on gold another explanation was proposed
by Yeo et al. based on charge transfer from the transition metal to the noble
metal [229, 230]. Au is a very electronegative metal and therefore it is feasible
that such a charge transfer could occur. Nickel based hydroxides were studied
in [230], where the authors observed that submonolayer thin ﬁlms supported on
Au were signiﬁcantly more active than when it was supported on Pd. In their
discussion it was argued that the Au facilitated oxidation of the Ni. For Co
oxides, a series of noble metal substrates were tested and it was again found
that using a Au substrate resulted in the highest activity [229]. The authors
argued that a 4+ state of Co was important for the OER activity and that Au
facilitated the oxidation of the Co sites. Similar eﬀects could be valid for MnOx.
However, if the early oxidation to 4+ is critical it is surprising that MnO2 is not
signiﬁcantly outperforming lower oxides [162]. Furthermore, the MnO2 catalyst
reported by Kuo et al. can still be improved with Au particles. The combined
studies at this point therefore suggests that Au assumes a role beyond charge
transfer.
In a study on RuO2 doped with Ni or Co, an explanation for the improved
activity has been proposed on the basis of proton transfer from ∗OOH at the
catalytic site to a nearby proton acceptor [108]. For RuO2 a lower overpotential
could be realized if the ∗OOH intermediate was bound a bit stronger to the
surface. If a proton acceptor is present at the surface, right next to the active
catalytic site, it is possible that the ∗OOH intermediate would be formed with
a larger probability due to instant transfer of ∗H and conversion into an oxygen
molecule that can leave the surface. For RuO2, oxidised Ni or Co atoms placed in
a bridging position on the rutile (110) surface could function as proton acceptors
[108]. Similarly to RuO2, MnO2 would beneﬁt from such a proton transfer
mechanism, since the ∗OOH step is potential determining. In ﬁgure 6.2 the
possible proton transfer mechanism is illustrated schematically for MnO2 in the
presence of Au. On the illustration two scenarios are depicted, one where Au
is present as a particle and one where Au is present as part of the surface. It
should be noted that the illustration is purely for explanatory purposes and does
not represent the actual surface for which DFT calculations were carried out.
The proton transfer mechanism was therefore investigated for a MnO2 system
based on DFT calculations. The calculations were performed by Dr. Michael
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Figure 6.2: Cartoon illustrating the possible proton transfer mechanism for a rutile
(110) MnO2 surface in the presence of Au. The highlighted area in front shows an
Au atom incorporated at a Bridge site, which makes the bridging oxygen available
as a proton acceptor for the ∗OOH intermediate. The highlighted area in the back
depicts another scenario where a gold nanoparticle acts as proton acceptor for the
∗OOH intermediate adsorbed on an active Mn site. It should be noted that this ﬁgure
is an illustration and does not represent the exact surface used for calculations.
Busch at CAMd, DTU Physics. For more details the reader is referred to the
appended paper II. Instead a summary of the most important conclusions will
be given here. First the binding energies of ∗O, ∗OH and ∗OOH were calculated
for both MnO2 and Mn2O3, resulting in the free energy diagrams shown in
ﬁgure 6.3. The binding of a hydrogen atom to the nearby Au site was modelled
in a simple way, by using the Au(111) surface at a third ML coverage of ∗O, as
reported in [89].
From the free energy diagrams it can be seen that introducing the proton transfer
signiﬁcantly decreases the required energy for reaching the ∗OOH step. This
is true for both MnO2 and Mn2O3. For a pure Mn2O3 surface the predicted
overpotential would be around 1 V whereas the MnO2 surface would give around
0.5 V. When assuming proton transfer to a gold site these values decreases to
0.2 V for Mn2O3 and 0.4 V for MnO2. The reason for the drastic change of
overpotential for Mn2O3 is that the binding of ∗O and ∗OH is close to the ideal
values although a bit too strong. When the ∗OOH binding is stabilized, all the
binding energies are very close to ideal and either the O-O bond formation or
the H-transfer to a nearby Au site becomes potential determining. It should be
noted that it is doubtful whether such a surface will be stable under reaction
conditions, since the MnO2 phase is expected to be the most stable phase at
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Figure 6.3: Free energy diagrams for the oxygen evolution reaction on Mn2O3,
to the left, and MnO2, to the right. Left: In green no H-transfer is assumed which
results in a high energy for ∗OOH compared to ∗O. In red the H-transfer is included
which results in a lowering of the ∗OOH step. In blue the results are shown for proton
transfer to a nearby Au site, which indicates a further lowering of the ∗OOH step.
Right: In green no H-transfer is included and the ∗OOH step is high in free energy.
In red the H transfer is included, in purple a nearby Au NP is considered to facilitate
H-transfer and in blue an incorporated Au atom is considered for H-transfer. Note
that the red, purple and blue lines coincide and all lead to a siginiﬁcant lowering of
the ∗OOH binding energy. For both diagrams the dotted line indicate the ideal OER
catalyst, where all steps require 1.23 V to become ﬂat.
those potentials [131]. For MnO2 the proton transfer mechanism could in theory
be possible on two neighbouring Mn sites, however, since both sites are active
for OER, it is unlikely that one of the sites will be eﬃcient as continuous proton
acceptor site. Instead, it is more likely to happen with a nearby Au site, which is
inactive for water oxidation at low overpotentials. At a potential of around 1.4
VRHE it is thermodynamically favourable to transfer and remove protons to such
a site. The predicted overpotentials for the two Mn oxides together with similar
analysis for Co oxides are shown in ﬁgure 6.4 as a function of the descriptor
∆G∗O − ∆G∗OH. From this model materials on the left side of the peak, at
1.6 eV, are predicted to beneﬁt from the proton transfer mechanism, whereas
materials on the right side are not. On the right side the potential determining
step is the oxidation of water to form ∗O, meaning that a stabilization of ∗OOH
has minimum impact on the activity.
In summary, these DFT calculations provide a possible explanation for the
activity enhancement. In terms of absolute decrease in overpotential it is diﬃ-
cult to directly compare to experimentally measured values. This is due to an
unknown fraction of Mn sites with Au neighbours as well as an often unknown
roughness factor. On the other hand the DFT calculations are not accurate
enough to fully predict absolute values of overpotential, although the trends
described are expected to be robust.
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Figure 6.4: Volcano shaped activity plot for OER. The predicted overpotential is
plotted as function of the calculated diﬀerence in free energy for the ∗O and ∗OOH
steps. The solid green lines are based on scaling relations from [98]. The green points
indicate calculations for speciﬁc oxides when proton transfer is not included in the
analysis. Black points indicate the predicted overpotential for each surface when pro-
ton transfer is included. The dashed sloped line indicate how the scaling relations
would predict overpotential if the ∗OOH binding energy could be optimized indepen-
dently from the other intermediates. The horizontal dashed line indicate the potential
where proton transfer to Au can be expected and at the same time a lower bound of
the overpotential that can be expected from including such a transfer mechanism with
Au.
6.2 Experimental investigation of Au-MnOx cat-
alysts
To understand the interaction between Au and Mn our approach was to max-
imise the number of neighbouring Mn-Au sites in catalytically active thin ﬁlms.
To this end, mixed Au-MnOx thin ﬁlms were prepared with a co-sputtering de-
position procedure. The thickness of the ﬁlms was again nominally 40 nm and
glassy carbon disks were used as substrates. Adhesion to the glassy carbon was
found to be enhanced by a sputter cleaning procedure of the carbon surface prior
to deposition. This was done for 10 minutes in the sputter chamber with a 50 W
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RF plasma and a bias on the substrate holder. After the cleaning substrate, Mn
and Au were co-sputtered with rates calibrated by the in chamber QCM. The
sputter deposition was carried out diﬀerently than for the ﬁlms in chapter 4 and
5, where a slow rate of MnOx deposition was used. The Au sputter yield is high
compared to that of Mn in the presence of oxygen, so the argon to oxygen ratio
was changed from 25:5 to 25:3. This ensured a higher rate of MnOx, which could
then be matched with the Au rate. Furthermore, with a low overall deposition
rate there would be a greater chance of the Au forming large domains due to
high mobility of Au atoms. The substrate temperature during deposition was
kept at 200 oC. The focus of this study will be on comparing two diﬀerent Au
concentrations (30 and 50 % on a total metal basis) in MnOx with pure MnOx
ﬁlms.
6.2.1 Characterization
The prepared thin ﬁlms were characterized to investigate any diﬀerences due
to the changed preparation procedure and Au modiﬁcation. First X-ray Pho-
toelectron Spectroscopy was used to quantify the Mn:Au ratio in the ﬁlms and
to get an initial estimation of the Mn:O stoichiometry. The stoichiometry can
be evaluated with the Mn2p 12 satellite distance and Mn3s multiplet splitting, as
explained in section 3.2.1. In ﬁgure 6.5a and b the Mn2p and Mn3s spectra can
be seen for the MnOx ﬁlms prepared with a lower oxygen partial pressure. For
the pure MnOx ﬁlm the distance between the Mn2p 12 peak and its satellite is
found to be 10.1 eV. The distance between the two peaks in the Mn3s spectrum
is 5.4 eV. These values match with reference values for the Mn3O4 oxide as seen
in table 3.1. The Au concentrations were found from integrating the Mn2p and
Au4d peaks, shown in ﬁgures 6.5a and c. The Au concentrations are reported
on a total metal basis, i.e. AuAu+Mn .
In order to investigate the structure of the mixed ﬁlms, Glancing Angle X-ray
Diﬀraction experiments were carried out. For these measurements the ﬁlms
were deposited with double thickness, to increase signal from the ﬁlms, on SiO2
windows. The resulting diﬀractograms can be seen in ﬁgure 6.6a and b, for pure
MnOx and Au modiﬁed ﬁlms respectively.
The pure MnOx ﬁlm matches well with a Mn3O4 structure based on nine ob-
served peaks. From this point the pure Mn oxide ﬁlms will therefore be denoted
Mn3O4. This Mn:O stoichiometry is consistent with a lower amount of oxygen
available during deposition and is in contrast to the disordered MnO2 prepared
at higher oxygen ﬂow used previously. Interestingly, the ratios of peak heights
do not match the powder standard reference, which indicates preferential growth
of some planes, which is not unusual for thin ﬁlms. However, from 6.6b, where
the results from mixed ﬁlms are shown, the Mn3O4 phase vanishes upon in-
troduction of Au. Instead, the four most pronounced Au peaks are observed.
For both concentrations the peaks are broad which indicates small Au domains
located in the Mn3O4 ﬁlm. The peaks are slightly broader in the ﬁlm with 30 %
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Figure 6.5: XPS spectra for the three ﬁlms. a) Mn2p region. An arrow indicates
the distance for the Mn2p 1
2
satellite. b) Mn3s region. An arrow indicates the distance
between the two peaks. c) Au4d region. d) O1s region. For all the spectra pure MnOx
is shown in black, Au(30 %)-MnOx in blue and Au(50 %)-MnOx in red.
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Figure 6.6: X-ray diﬀractograms. a) Pure MnOx ﬁlms (in black) together with
references from literature. Mn3O4 reference (purple) is from [231], Mn2O3 (green) is
from [232] and MnO2 (teal) is from [233]. b) Au(30 %)-MnOx (blue) ﬁlm and Au(50
%)-MnOx (red) together with an Au reference (orange) from [234].
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Au. With the Scherrer equation it is possible to evaluate domain size based on
the peak broadening, as explained in chapter 3. This analysis indicates that 30
% Au in the ﬁlm results in Au domains of about 2 nm in size. At 50 % the do-
mains reach 3 nm. So despite the co-sputtering method there are clearly particle
formation taking place under deposition conditions. However, these nanosized
Au domains are still expected to be dispersed into the Mn3O4 matrix, yielding
a high density of Mn-Au sites. Due to the lack of Mn oxide peaks for the mixed
ﬁlms, they will be denoted Au-MnOx from this point.
Scanning Electron Microscopy was employed to get an overview of the surface
morphology. The images shown in this section are taken with secondary electron
detection so that the contrast stems from surface morphology. In ﬁgure 6.7a and
b the surface of a pure Mn3O4 ﬁlm can be seen with two magniﬁcations. The
micrographs indicate that the surface consists of pyramid shaped features in the
size range of 10 to 20 nm. At the same time these features are quite densely
packed and the surface does not appear porous. It should also be noted that the
surface of this ﬁlm looks signiﬁcantly diﬀerent from the MnO2 ﬁlms shown in
ﬁgure 5.7 in chapter 5, where the features were rounded and less densely packed.
Figure 6.7: Scanning Electron Micrographs for pure Mn3O4 ﬁlm. a) Overview
image of the surface. b) Close-up revealing the surface structure.
In ﬁgure 6.8a and b images of a modiﬁed ﬁlm with approximately 30 % Au are
shown. The features for this surface are more rounded, almost spherical, with
small bright spots. These roundish domains are also in the order of 10 to 20
nm. The surface is again quite densely packed but it looks like the introduced
Au has stopped the MnOx domains in growing in the same way as it was ob-
served for the Mn3O4 ﬁlm. This would also be consistent with the XRD results,
where the mixed ﬁlms only show peaks for Au. The surface for 50 % Au shows
similar features and a slightly more porous structure, see ﬁgure 6.9a and b. It is
tempting to interpret the bright spots in the images as gold particles, but this
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Figure 6.8: Scanning Electron Micrographs for pure Au(30%)-MnOx ﬁlm. a)
Overview image of the surface. b) Close-up revealing the surface structure.
Figure 6.9: Scanning Electron Micrographs for pure Au(50%)-MnOx ﬁlm. a)
Overview image of the surface. b) Close-up revealing the surface structure.
is not a straightforward analysis since the bright spots could also be caused by
charging eﬀects due to areas with low electronic conductivity.
6.2.2 Electrochemical characterization
The activities of these thin ﬁlms were measured with cyclic voltammetry in 1
M KOH. A scan rate of 20 mV/s was used and for each type of sample three
independent measurements were performed. The results of those measurements
can be seen in ﬁgure 6.10, where the ﬁrst anodic scans for the three types of
ﬁlms are shown.
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Figure 6.10: First anodic scan of Mn3O4 (black), Au(30%)-MnOx (blue) and
Au(50%)-MnOx (red) ﬁlms. Measurements were done in 1M KOH, with 1600 RPM
and at 20 mV/s. The potential scale has been corrected for Ohmic drop. The inset
shows current density of the ﬁlms at an overpotential of 400 mV as function of the Au
concentration. The activity of a gold polycrystalline disk is also shown in teal. Error
bars are ±1 standard deviation from three independent measurements.
The inset of ﬁgure 6.10 shows a comparison of the current density at 400 mV
overpotential for the ﬁlms. Both Au concentrations lead to an increase in current
density. However, 30 % Au lead to a 1.9 times improvement in current density
while at 50 % the improvement is a factor of 5.5 over the pure Mn3O4. Another
metric often used in comparing OER catalysts is the overpotential needed to
reach 10 mA/cm2. For the 50 % Au ﬁlm the overpotential for reaching that
current density is 65 mV lower than for the pure Mn3O4. Since the SEM images
indicated a slight diﬀerence in porosity for the ﬁlms, with the more active sam-
ple looking less densely packed, it is interesting to analyse the electrochemically
active surface area. Double layer capacitance has been reported to be propor-
tional to this area [109]. For these ﬁlms the double layer capacitance could be
approximated at 1.3 VRHE where no other electrochemical process is expected
to occur. The positive and negative currents measured for the second cycle at
1.3 VRHE were therefore used as an evaluation of the pseudo capacitance. With
this method the capacitances for the Au modiﬁed ﬁlms were found to be slightly
108 The beneﬁcial interaction between Au and MnOx
higher than for the pure Mn3O4 ﬁlm. The increase in capacitance over the pure
Mn oxide ﬁlm is plotted in ﬁgure 6.11 together with the improvement in cur-
rent density at 400 mV overpotential. Assuming an increase in capacitance is
proportional to an increase of the OER active sites, the increase in capacitance
is not enough to explain the activity improvement observed for 30 or 50 % gold.
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Figure 6.11: Current density increase (in blue) and pseudo capacitance increase (in
green) for the thin ﬁlms as function of gold concentration. Both scales are normalised
to the value obtained for Mn3O4.
With such an improvement in activity it is interesting to further analyse the
diﬀerences in behavior for these ﬁlms. Especially the changes of Mn and Au
under reaction conditions are of interest. Such a study can be done with in situ
X-ray Absorption Near Edge Spectroscopy, XANES.
6.2.3 In situ X-ray Absorption Near Edge Spectroscopy
The three types of ﬁlms, Mn3O4, Au(30%)-MnOx and Au(50%)-MnOx, were
investigated with XAS. Speciﬁcally, the Mn K-edge and Au L3-Edge were in-
vestigated at the Stanford Synchrotron Radiation Lightsource using a setup with
high energy resolution ﬂuorescence detection which allowed for in-situ measure-
ments. This detection method is a bulk sensitive technique and gives information
about the average state of all Mn and Au atoms in the sample. The great ad-
vantage is that this setup allows for studying the Mn and Au atoms in the ﬁlms
while working as oxygen evolution catalysts. As mentioned in section 3.2.3, the
measurements were carried out in collaboration with Prof. Thomas Jaramillo's
group at Stanford University Chemical Engineering and in particular with Lin-
sey Seitz and beam scientists Dimosthenis Sokaras, Tsu-Chien Weng and Dennis
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Nordlund.
One of the hypotheses brought forward regarding Au and Mn oxide interactions
is a possible change in Mn oxidation state. Kuo et al. suggested that upon
Au modiﬁcation the Mn oxidation state decreases and a higher concentration
of Mn3+ species can exist at the surface [226]. This was concluded from ex-situ
XAS measurements. With this in-situ study diﬀerences in the Mn oxidation
state can be documented for catalytically active ﬁlms while the reaction takes
place in the same environment as the activity measurements.
XAS mesaurements for the three ﬁlms were made for both dry conditions and
immersed in 1 M KOH. The measurements with electrolyte were further carried
out at open circuit, 0.8, 1.0, 1.2, 1.4 and 1.65 VRHE. It should be noted that
the results presented here have been processed and normalised to have an edge
jump of unity after linear backgrounds are subtracted. In ﬁgure 6.12 results
from the dry measurements are shown for the Mn K-edge of all three ﬁlms.
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Figure 6.12: Mn K-edge XAS of the three Mn oxide ﬁlms under dry conditions.
Mn3O4 in black, Au(30%)-MnOx in blue and Au(50%)-MnOx in red. Error bars are
based on standard deviations from Poisson statistics on several scans.
The overall features are very similar. The diﬀerences are mainly a slightly
lower white line (the highest peak) for the ﬁlms containing gold, which can be
due to fewer Mn atoms. Fewer Mn atoms yield a slightly lower signal to noise
ratio. Besides this small diﬀerence the single pre-edge and shoulder around 6552
eV are close to identical for the ﬁlms. The shoulder feature has been reported
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for Mn atoms in a formal 2+ state, which is consistent with the Mn3O4 phase,
comprising both 2+ and 3+ [156,235]. From a qualitative point of view, the edge
can be analysed by looking at the overall position of the edge. When a feature
or the whole edge moves towards higher photon energies it is indicative of an
oxidation of the Mn atoms, consistent with more tightly bound core electrons. In
the following, only the XANES section of the results will be shown, to highlight
the changes in the edge proﬁle as function of applied potential.
When introducing the electrolyte and applying a potential, changes in these
features are observed. For the pure Mn3O4 ﬁlm, XAS spectra following the
gradual increase in electrochemical potential can be seen in ﬁgure 6.13. The
edge is shifting towards higher photon energies when the potential is increased,
as indicated with the arrow. At the same time the shoulder at 6552 eV seems to
decrease slightly and with a closer look an extra pre-edge around 6543 eV can
be observed for the highest potential. These small changes and shift of the edge
indicates an average oxidation of the Mn atoms present in the sample, which is
certainly expected from the anodic potential applied.
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Figure 6.13: Mn K-edge XAS of the Mn3O4 ﬁlm under potential control in 1M
KOH. Error bars are based on standard deviations from Poisson statistics on several
scans.
The spectra obtained from the Au(30%)-MnOx sample can be seen in ﬁgure
6.14 and from the Au(50%)-MnOx in ﬁgure 6.15. From both sets of spectra a
very clear shift of the entire edge can be seen.
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Figure 6.14: Mn K-edge XAS of the Au(30%)-MnOx ﬁlm under potential control
in 1M KOH.
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Figure 6.15: Mn K-edge XAS of the Au(50%)-MnOx ﬁlm under potential control
in 1M KOH.
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In ﬁgures 6.14 and 6.15 the shoulder feature at 6552 eV completely disappears
and a splitting of the pre-edge is observed already from an electrochemical po-
tential of 1.0 VRHE. To highlight the diﬀerences between the pure Mn3O4 and
the Au modiﬁed ﬁlms the spectra taken at 1.65 VRHE are compared in ﬁgure
6.16.
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Figure 6.16: Mn K-edge XAS of the three Mn oxide ﬁlms at 1.65 VRHE in 1M
KOH. Mn3O4 in black, Au(30%)-MnOx in blue and Au(50%)-MnOx in red.
The splitting of the pre-edge has been reported to follow oxidation of Mn and is
only visible for average oxidation state of 3 or higher [235]. From this qualitative
analysis of the XAS features it seems that the Au modiﬁcation leads to higher
oxidation state of Mn under anodic polarisation of the electrode. This ﬁnding
is in contrast to the report from Kuo et al. [226]. However, the spectra can
also be quantiﬁed. This is often done by selecting a rather arbitrary point on
the XAS spectrum to measure the edge shift. By using reference measurements
the shift can then be related to an oxidation state [156, 236, 237]. A problem
associated with using a single point of reference for the edge shift is that the edge
features depend on structure as well as oxidation state. Unless the structures
of samples used for comparison are well deﬁned, two compounds with the same
nominal oxidation state could be evaluated diﬀerently using a single reference
point [237]. Instead it is possible to evaluate the overall shift of a spectrum by
using a ﬁrst moment method as described in section 3.2.3 [238, 239]. The edge
shift was calculated for all the spectra of Mn3O4 and Au-MnOx. The results
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are plotted as function of applied potential on the working electrode in ﬁgure
6.17.
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Figure 6.17: Overall edge position for the Mn K-edge of the Mn3O4 (purple),
Au(30%)-MnOx (wine red) and Au(50%)-MnOx (green) as function of the applied
potential. Note that the ﬁrst two points are Dry and OCV conditions followed by the
actual potential scale. The error bars here are based on varying the integral range
from equation 3.5.
For the pure Mn3O4 there is very little edge shift observed before 1.2 VRHE.
Even at the highest potential the total shift is around 0.3 eV. For comparison
the edge shift observed when going from +3 at around 6546.9 eV to +4 at
around 6549.1 eV is 2.2 eV for reference crystalline Mn oxides [237]. For the
mixed ﬁlms there seem to be a shift already at OCV and again at 1.0 VRHE.
At the ﬁnal potential, 1.65 VRHE, the spectrum for 30 % Au has shifted 0.7 eV
compared to the spectrum for dry conditions. The edge shifts found with this
experimental conﬁguration take into account all Mn atoms in the thin ﬁlms.
This is important to realize, since only the atoms in contact with the electrolyte
are likely to oxidise due to the anodic potential. Thus, only a small fraction of
the Mn atoms are in fact changing their oxidation state and it is not meaningful
to assign a speciﬁc oxidation state to the catalytically active surface species.
Still there is a signiﬁcant increase in oxidation state observed due to the Au
modiﬁcation.
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6.2.3.1 Au L3-Edge
As mentioned above, the Au L3-edge was also investigated in-situ for the sam-
ples containing gold. It is interesting to see if there are diﬀerences for the two
concentrations since the diﬀerences in capacitance and Mn oxidation under re-
action conditions are small but the diﬀerences in activity are rather large. From
XRD measurements the size of gold domains was diﬀerent for the two concen-
trations, 2 nm at 30 % and 3 nm at 50 %. In this size range Au nanoparticles
have been reported to change reactivity quite drastically due to the increased
ratio of undercoordinated sites vs. ﬂat terraces [240, 241]. So even though the
size estimation from XRD is not completely accurate there is certainly a dif-
ference which is interesting in terms of reactivity. It is therefore important to
check if these domains change oxidation state upon anodic polarisation. Spectra
obtained for in-situ measurements can be seen in ﬁgures 6.18 at OCV, 6.19 at
1.20 VRHE and 6.20 at 1.65 VRHE for the two Au concentrations. Up to 1.20
VRHE the Au edge for the two samples looks very similar and any diﬀerences are
within the error margin, as seen on ﬁgure 6.18. However, at 1.20 VRHE a small
diﬀerence in the main edge feature is observed, see ﬁgure 6.19. The white line is
slightly higher for 30 % Au compared to the 50 %. At 1.65 VRHE this diﬀerence
is very clear and the white line feature for the 30 % sample is signiﬁcantly higher
than for the 50 %. A higher white line is related to Au in a 3+ state [242,243].
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Figure 6.18: Au L3-edge for Au(30%)-MnOx (blue) and Au(50%)-MnOx (red) at
OCV conditions. Error bars are based on standard deviations from Poisson statistics
on several scans.
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Figure 6.19: Au L3-edge for Au(30%)-MnOx (blue) and Au(50%)-MnOx (red) at
1.20 VRHE.
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Figure 6.20: Au L3-edge for Au(30%)-MnOx (blue) and Au(50%)-MnOx (red) at
1.65 VRHE.
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From the Pourbaix diagram of gold in aqueous solutions, the surface is expected
to oxidise to a +3 state at 1.46 VRHE [138]. However, since the reactivity for
small Au nanoparticles can be drastically increased it is perhaps not surprising
that the Au(30%)-MnOx show some oxidation already at 1.2 VRHE. In conclu-
sion, a distinct diﬀerence between the two Au concentrations is observed: the
Au atoms in the lower concentration ﬁlm are on average more oxidised than the
Au atoms in the higher concentration ﬁlm.
6.2.3.2 Discussion
Throughout the experimental part of this chapter, several characterization meth-
ods have been employed with the aim of studying Mn-Au interaction. From XPS
the concentrations of Au were found to be 30 % and 50 % while the Mn ox-
ide ﬁlm matched a Mn3O4 stoichiometry. Glancing Angle XRD conﬁrmed the
Mn3O4 phase of the pure Mn oxide ﬁlm, however, the mixed ﬁlms only showed
peaks for small gold domains. The size of these domains could be estimated
from the XRD peak broadening, which indicated 2 nm for 30 % and 3 nm for
50 %. Surface morphology was assessed with SEM, indicating a slightly more
open and less densely packed structure. This porosity was also in line with
electrochemical evaluation of the surface area. Judging from capacitance mea-
surements the mixed gold ﬁlms had capacitances up to 80 % higher than the
pure Mn oxide. However, the increased capacitance was not suﬃcient to explain
the increase in activity, which was up to 5.5 times higher than Mn3O4 for the
ﬁlms with 50 % gold. From literature reports, it was suggested that Mn3+ states
were promoted by gold interactions, which was thought to improve the activity.
However, the in-situ XANES spectra presented here are in strong contrast to
that conclusion. Instead, the mixed ﬁlms were signiﬁcantly more oxidised com-
pared to the Mn3O4. Finally, the Au L3-edge spectra indicated that the Au
atoms for 30 % concentration were on average more oxidised than the gold in a
50 % concentration, a diﬀerence that was observed already at 1.2 VRHE.
From the combined set of experiments, it can be concluded that a beneﬁcial
interaction between Mn and Au for OER catalysis is observed for co-sputtered
thin ﬁlms. The results further indicate that the interaction depends on the size
of the Au domains. For small domains, roughly 2 nm, the activity enhance-
ment is low and can almost be explained by increase in surface area. These
small domains also oxidise under reaction conditions which can be interpreted
as detrimental for obtaining a high OER activity. On the other hand for larger
domains, 3 nm, the particles show only little oxidation. It would be interesting
to combine these ﬁndings with the theoretical model explained in section 6.1.
In this model it was suggested that Au sites act as proton acceptors, but it
was assumed that these sites would exhibit the properties of bulk gold. While
the experiments done so far can not directly conﬁrm the theoretical concept at
this stage it is interesting to note that binding energies for the larger particles
are expected to be more similar to bulk gold compared to the smaller particles.
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This is due to a larger fraction of undercoordinated sites as the particle size
decrease [241]. For Au it has further been shown that the (211) surface exhibits
stronger binding to ∗O, ∗OH and ∗OOH, which would also be consistent with
earlier oxidation of the Au atoms on the surface [133]. However, a more system-
atic study is needed, which due to time constraints have not been part of the
thesis work. As future work, it is expected that investigations into size eﬀects
could result in a more detailed model. Such a study could encompass a combina-
tion of DFT calculations on Au nanoparticles and experimental characterization
of a larger set of thin ﬁlms with varied gold domain sizes.
Another possibility that has not been discussed so far is whether the in-
creased gold content could signiﬁcantly increase electronic conductivity of the
thin ﬁlms. At this stage experiments have not been carried out to pursue this
option. A way to ﬁnd out would be to investigate thinner ﬁlms where conductiv-
ity is not expected to play an important role or alternatively follow a procedure
similar to the Ti-MnO2 ﬁlms reported in chapter 5, where only the top 5 nm
is modiﬁed. It should also be noted that the beneﬁcial interaction between Au
and Mn has been reported for other systems where conductivity enhancements
are less likely to play a role. As example, MnOx nanoparticles deposited onto
Au nanoparticles exhibited great enhancement in activity for OER [225].
6.3 Conclusion
To sum up, this chapter encompassed interactions between gold and manganese
oxide from both a theoretical and experimental point of view. The theoretical
model was brieﬂy introduced and was based on a bifunctional surface, where
active Mn sites could beneﬁt from neighbouring proton accepting Au sites. The
proton acceptor scheme is beneﬁcial due to a selective stabilization of the ∗OOH
binding, which is normally too weak on Mn oxides. It was shown, from a ther-
modynamic analysis, that including the proton acceptor pathway results in a
signiﬁcant lowering of the predicted overpotential, with 100 mV decrease for
MnO2. From the experimental studies on mixed ﬁlms, an enhancement of up to
5.5 times the activity of pure Mn3O4 could be reported. This activity enhance-
ment was measured for a high concentration of Au, 50 %, which consisted of 3
nm Au domains dispersed in the Mn oxide ﬁlms. For a lower concentration, 30
%, the activity enhancement was more modest at approximately 2 times the ac-
tivity of Mn3O4. The activity enhancements could not be explained by higher
porosity or increase in surface area judging from capacitance measurements.
The ﬁlms were also characterized with XPS, GA-XRD and SEM for structural
and compositional analyses. Furthermore an in-situ study of the Mn K-edge
revealed that Mn atoms oxidise at an earlier potential when Au is nearby, which
is in contrast to previously reported ex-situ studies in the literature [225, 226].
The measurements on Au L3-edge at the same time showed that the Au domain
size had an impact on the Au oxidation. For the lower Au concentration, with
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smaller domains, oxidation features were observed already at 1.2 VRHE. The
XAS study therefore indicates that Mn oxidation state is not the critical pa-
rameter and instead the properties of nearby Au sites could be more important.
Such a notion is in line with Au sites playing an active role in the reaction
mechanism such as suggested in the thermodynamics analysis. In conclusion,
the experimental ﬁndings have shown important properties of the Mn-Au sys-
tem, which can guide further design into improved Mn based catalysts for OER.
More experiments are needed for a comprehensive understanding of the activity
enhancements.
Chapter 7
Conclusion and outlook
7.1 Conclusion
The overall aim of this thesis has been to investigate and improve the perfor-
mance of an abundant catalytic material for oxygen evolution, MnOx. The work
was motivated by the important role of electrolyzers in the future energy infras-
tructure, where intermittent renewable sources must be exploited to their full
potential. To do so, energy storage and carbon neutral fuels production are key
issues, which can be alleviated with electrolysis. Electrolyzers based on Polymer
Electrolyte Membrane cells are particularly promising but are acidic in nature
and therefore limits the catalysts choice to noble metal based materials. Thus,
a renewed research eﬀort into identifying materials for oxygen evolution based
on abundant elements is highly relevant.
Finding and characterizing catalysts for electrolysis is not a new research ﬁeld
and a literature review was dedicated to bring the present thesis into the relevant
context. In the past decades a big emphasis has been put on understanding
the oxygen evolution reaction and on ﬁnding descriptors that could predict the
optimal material properties. In more recent years many new catalysts have
been reported for alkaline solutions, however, for acidic electrolytes very little
progress has been made for materials not based on noble metals. Furthermore,
rigorous stability tests were not often carried out. These shortcomings were
therefore addressed in this thesis.
In chapter 4 the aim was therefore to establish stability tests based on mass loss
analysis. From short term electrochemical characterization there are no guaran-
tees that a stable performance indicate material stability. Instead, it was shown
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that mass loss analysis, even in the short term, can be used to predict lifetimes.
The established procedure was based on EQCM measurements combined with
ICP-MS analysis of the electrolyte. These two methods complement each other,
since the former gives information about the electrode mass and the latter gives
information about which elements are in the electrolyte. Speciﬁcally for MnOx
thin ﬁlms the rates of mass loss were established at potentials anodic of the
dissolution potential and lifetimes were calculated.
MnOx is a unique material for oxygen evolution. In contrast to NiOx and CoOx,
it has a stable phase in acidic environment in the range of 1.3 to 1.7 VRHE and
it is therefore possible to use this material in acidic electrolyzers. However, as
it was established in chapter 4, the anodic dissolution constitutes a problem for
long term stability. In chapter 5 the focus has been on investigating a strategy
for stabilizing MnO2 surfaces. This could be done by selectively blocking sites
responsible for the dissolution process. It is likely that undercoordinated sites
are dominant in that process and from theoretical calculations it was found
that Ti atoms segregate to such sites. At the same time, according to current
understanding, the ﬂat terrace sites are most important for the OER activity.
Experimentally, co-sputtered thin ﬁlms of Ti-MnO2 were prepared and found
to exhibit a better compromise between stability and activity than pure MnO2.
As mentioned above, the catalytic performance of MnOx electrodes can not
match noble metal based electrodes at this stage. To that end, it has been
reported that MnOx electrodes mixed with Au exhibit remarkable activity en-
hancements. While gold is not an ideal activity promoter from a practical point
of view, it is important to understand the beneﬁcial interactions. In chapter
6 the interactions between gold and manganese oxides were investigated with
a conceptual as well as experimental approach. It was shown that activity en-
hancements could be explained by introducing a Au proton acceptor site next
to OER active Mn sites. The experimental approach encompassed mixed thin
ﬁlms, which were characterized thoroughly. The activity towards OER could
be increased more than ﬁve fold by incorporating Au domains of approximately
3 nm, whereas 2 nm domains lead to modest enhancements. These thin ﬁlms
were found to behave diﬀerently under reaction conditions by characterization
with in-situ XANES. Importantly, these measurements show that Mn atoms are
more oxidised in the presence of gold. It is important to combine the conceptual
understanding with experimental observations and the ﬁndings presented here
provide a step in that direction.
7.2 Outlook
As mentioned in chapter 5 and 6, important progress was made regarding both
stabilization of MnOx and understanding the activity enhancements observed.
However, it is also evident that both stability and activity must be improved
further in order for MnOx to be a practical electrode material for PEM elec-
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trolyzers.
The strategy for stabilizing the MnO2 surface is still in its infancy and several
directions for optimization can be undertaken. It would be of great importance
to establish and observe how the Ti atoms are located on the MnO2 surface.
Such a characterization could be done with cross-sectional Transmission Elec-
tron Microscopy imaging. Atomic resolution of the mixed Ti-MnO2 layer could
provide a lot of insight. It would be challenging to distinguish Ti from Mn,
especially if the Ti is located as single atoms on the surface. Another possible
route is to image the surface with Scanning Tunnelling Microscopy under UHV
while depositing small quantities of Ti onto MnO2. This requires very ﬂat and
well deﬁned surfaces which are diﬃcult to prepare using the sputter deposition
technique. It may instead be possible with annealing treatments for a Mn single
crystal and slow evaporation of Ti. Given that deposition and annealing pa-
rameters can be utilized to block all the undercoordinated sites of MnO2 with
Ti, it would be highly relevant to further develop the concept. For commer-
cial electrolyzers the catalyst material must be applied with a very high surface
area. Therefore, it would be important to prepare nanoparticulate Ti-MnO2
with high activity on a geometric basis combined with optimal long term stabil-
ity. Finally, it is possible that other stability promoting materials could be even
more suited for blocking the undercoordinated sites. Tantalum, niobium and
zirconium are among the most stable materials in acidic environment and the
reason they have not been included here is that they do not form rutile dioxides.
In a larger screening study it could be interesting to mix these materials into
the surface layers of MnO2.
Regarding the Mn-Au interactions, it would be interesting to investigate the
Au size dependence in greater detail. The sputter deposition could be tuned
to deliver Au domains in diﬀerent sizes. Alternatively, size selected Au clusters
could be added to a MnO2 surface, with the cluster source available in our
laboratory. Ideally, such studies should be combined with more detailed DFT
calculations so that the properties of gold clusters could be related to observed
activities. In the end, the ultimate goal would be to use the understanding
of Mn-Au interactions to propose and design Mn oxides modiﬁed with another
abundant element or compound.
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Ifan E. L. Stephens,*[a] and Ib Chorkendorff*[a]
1. Introduction
Water electrolysis is set to play a key role in the provision of
solar fuels, as a sustainable substitute for fossil fuels.[1] Polymer
electrolyte membrane (PEM) electrolysers are particularly well-
suited towards the localised storage of renewables such as
wind or solar, which are inherently intermittent. It turns out
that the majority of the efficiency losses on these devices can
be traced back to the oxygen evolution reaction (OER).[2, 3] Con-
sequently, it is critical that the OER catalyst has a sufficiently
high activity, to minimise these losses, and that this activity is
stable over the whole lifetime of the catalyst. This is particular-
ly challenging, not only because the anode operates at inher-
ently oxidising potentials, but also as a result of the acidic elec-
trolyte of PEM electrolysers. At present, only IrOx and RuOx
based materials show reasonable activity and stability under
such conditions.[4, 5] The best-performing catalysts in acidic
media are shown in the Tafel plot in Figure 1a, which provides
an overview of the current state of the art, clearly dominated
by oxide catalysts based on the scarce elements Ru and Ir.
However, should PEM electrolysis make a true impact to the
global energy landscape, it will need to be scaled up to the
terawatt level ;[6] consequently, the loading of the precious
metals required to catalyse the OER should be decreased dras-
tically or eliminated altogether.[7, 8] In principle, the proton-con-
Because of the rising need for energy storage, potentially facili-
tated by electrolyzers, improvements to the catalysis of the
oxygen evolution reaction (OER) become increasingly relevant.
Standardized protocols have been developed for determining
critical figures of merit, such as the electrochemical surface
area, mass activity and specific activity. Even so, when new and
more active catalysts are reported, the catalyst stability tends
to play a minor role. In this work, we monitor corrosion on
RuO2 and MnOx by combining the electrochemical quartz crys-
tal microbalance (EQCM) with inductively coupled plasma mass
spectrometry (ICP–MS). We show that a meaningful estimation
of the stability cannot be achieved based on purely electro-
chemical tests. On the catalysts tested, the anodic dissolution
current was four orders of magnitude lower than the total cur-
rent. We propose that even if long-term testing cannot be re-
placed, a useful evaluation of the stability can be achieved
with short-term tests by using EQCM or ICP–MS.
Figure 1. Overview of the state of the art for the oxygen evolution reaction:
a) In acid media. Data adapted from: Present work for sputtered RuO2,
[16] for
Ru, Ir and Pt polycrystalline (pc) and nanoparticles (NP),[17] for Ru0.7Ni0.3O2y
nanocrystals,[18] for RuCo and RuIr NP,[19] for IrO2 film and
[7] for RuO2 and IrO2
NP (# normalised to oxide area). b) In alkaline media. Data adapted from:
Present work for sputtered MnOx, from this group for sputtered RuOx,
[20] for
Ni0.9Fe0.1Ox,
[21] For Ni0.95Fe0.05(OH)2,
[22] for Fe0.3Co0.3Ni0.3Ox,
[9] for Ba0.5Sr0.5Co0.8Fe0.2
(# normalised to oxide area),[10] for Pr0.5Ba0.5CoO3d (# normalised to oxide
area),[11] for Ir/C and Mn2O3 E-dep,
[23] for Co3O4 NP,
[24] for RuO2-Ni and
[25] for
RuO2 (100) (normalised to oxide area).
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ducting polymers used in PEM electrolysers could be replaced
by hydroxide-conducting membranes; indeed, several materi-
als have recently been discovered in alkaline electrolytes with
a catalytic activity at least as high as that of RuOx and IrOx.
[9–12]
In Figure 1b, the best-performing OER catalysts in alkaline
media are shown in a unified Tafel plot (it should be noted
that in this plot the activity of some of the catalysts has been
reported as a current density normalised according to the mi-
croscopic surface area, denoted by the symbol # in the plot,
whereas other catalysts have been normalised according to
the geometric surface area). It is clear from the plot that the
most active catalysts are primarily based on Ni or Co. Even so,
the use of alkaline polymeric membranes comes at the cost of
increased overpotential for hydrogen evolution, and lower
membrane conductivity and stability.[13–15]
Regardless of the pH of the electrolyte, robust OER catalyst
benchmarks are required that allow a straightforward compari-
son of catalyst performance between different experimental
groups.[4,7] Critical parameters include: 1) the geometric activi-
ty, that is, the current normalised according to the geometric
or projected area, 2) the mass activity, that is, the current per
unit mass precious metals, 3) the specific activity, the current
normalised according to the microscopic area, and 4) the sta-
bility of the catalyst.
In a commercial device, it is essential that the geometric ac-
tivity is maximised, to minimise overpotentials. Moreover,
should precious metal oxides be employed, a high geometric
activity should not be reliant on significant loadings of scarce
elements, that is, the mass activity should also be maximised.
Both the geometric activity and mass activity can be maxi-
mised by employing materials with a high specific activity and
a high surface area. However, to judge whether a material is in-
trinsically active for a reaction, knowledge of the specific activi-
ty becomes important. This metric, in turn, is dependent on an
accurate knowledge of the electrochemically active surface
area, which is challenging to measure on oxides. Alternatively,
the catalyst activity can be assessed using smooth thin films,
where the microscopic surface area is as close as possible to
the geometric surface area.[20,26,27]
The procedures for assessing the stability of OER catalysts
are not well established in the literature; this is in contrast to
the reverse of the OER, the oxygen reduction reaction (ORR),
where detailed tests for assessing the catalyst stability have
been developed to simulate the conditions required for auto-
motive applications[28] . Thus far, most researchers have as-
sessed the stability under OER conditions for a limited number
of hours, by performing chronopotentiometry at a constant
current density or chronoamperometry at a constant potential.
However, it remains questionable whether such measurements
can provide the basis upon which one could judge the long-
term performance of a catalyst in a real device over the re-
quired lifetime, that is, a number of years.
A number of methods exist to monitor catalyst corrosion.[29]
Microscopic techniques, such as scanning tunneling microsco-
py[30,31] and transmission electron microscopy,[32–35] can monitor
changes in the electrode morphology and structure. On the
other hand, macroscopic techniques can be applied to deter-
mine the corrosion rates; these include the rotating ring disk
electrode (RRDE; for example, for monitoring the anodic disso-
lution of RuO2
[36,37]), the quartz crystal microbalance,[38] and in-
ductively coupled plasma mass spectrometry (ICP–MS).[39–41]
Nonetheless, as of yet, no standardized protocols for assessing
the stability under OER conditions have emerged.
Herein, we present guidelines for establishing the stability of
OER electrocatalysts. By combining standard RDE tests with
electrochemical quartz crystal microbalance[42] (EQCM) mea-
surements and inductively coupled plasma mass spectrometry
(ICP–MS), we provide a detailed description of corrosion pro-
cesses that take place in parallel to the OER. The catalysts in-
vestigated are RuO2 and MnOx. RuO2 is an extensively studied
material with a high activity in acidic electrolyte.[16,43–45] Howev-
er, the stability of RuO2 is limited at high overpotentials. MnOx
has been proposed as a more abundant and inexpensive alter-
native to RuO2;
[46–49] not only is it active for the OER, but also
for the ORR, opening up possibilities for its use in regenerative
fuel cells.[50] Manganese can form numerous oxides and many
of these have been reported active for OER in alkaline and
neutral electrolytes.[51] However, as for ruthenium dioxide, the
stability can be an issue at high overpotentials.
Experimental Section
Preparation of Thin Films
Thin MnOx and RuO2 films were prepared by reactive sputter depo-
sition on Au polycrystals and EQCM crystals. The deposition rates
were calibrated with an in-chamber QCM. Prior to deposition, the
samples were sonicated in acetone, isopropanol, and then Milli-
pore water (18.2 MW). RuO2 films were deposited at 300 8C and
3 mTorr with a power of 50 W using an argon and oxygen flow at
a ratio of 5:2, with a metallic Ru target. MnOx films were deposited
at 200 8C, 5 mTorr, and 140 W with an argon and oxygen flow at
a ratio of 5:1, and a metallic Mn target. The EQCM crystals were
purchased from Stanford Research Systems (QCM200) and consist
of a gold film deposited onto AT-cut quartz with a titanium layer in
between for improved adhesion. The top electrode, functioning as
working electrode for the electrochemical measurements, has
a geometrical surface area of 1.37 cm2. The bottom electrode is
smaller, 0.38 cm2, and the QCM is sensitive only in the overlapping
region of the top and bottom electrodes. This means that approxi-
mately 28% of the electrochemically active layer is sensitive to the
QCM measurement. The frequency change is converted to mass
change using the Sauerbrey equation, as explained below. In this
equation, a homogeneous mass change across the electrode is as-
sumed. Because of the semiconducting nature of manganese
oxides, we used a mask to confine the MnOx area to where the
QCM is sensitive (the central 0.38 cm2 of the top electrode). This
was done to diminish effects of local potential differences, for ex-
ample, caused by gradients in film thickness. The remaining part of
the gold film was covered with TiO2, which introduced negligible
currents and no frequency change during the stability tests. As
RuO2 is expected to be a metallic conductor, all of the gold film
was covered with RuO2. The Au polycrystalline electrodes
(0.196 cm2) used in RDE tests were polished prior to deposition
with 0.25 mm diamond paste, then plasma cleaned in argon and
annealed to 700 8C in two consecutive cycles. The targets for sput-
tering had a 99.95% purity and were purchased from AJA
International.
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Electrochemical Tests
The electrochemical tests on RuO2 were performed in a glass cell
with 0.05m N2-saturated H2SO4 (Merck Suprapur 96%, diluted with
18.2 MW Millipore water) at room temperature. The tests on MnOx
were performed in a two-compartment Teflon cell with 1m N2-satu-
rated KOH (Merck Suprapur 99.995, diluted with 18.2 MW Millipore
water) at room temperature. For the tests in sulfuric acid, a Hg/
HgSO4 reference electrode was used, whereas for the tests in KOH,
a Hg/HgO in 20 wt% KOH reference electrode was used. The refer-
ence-electrode potentials were measured with respect to a reversi-
ble hydrogen electrode (RHE) by bubbling 1 bar hydrogen over
a clean Pt surface in the same electrolyte. In both electrolytes,
graphite rods were used as counter electrodes. All the data is pre-
sented using the RHE scale and corrected for Ohmic losses, found
from the fitted high-frequency intercept measured using electro-
chemical impedance spectroscopy over the range of 1–200000 Hz
at a DC potential of 10 mV. The Ohmic drop for tests in 0.05m
H2SO4 was in the range of 15–18 W, whereas the tests in 1m KOH
comprised an Ohmic drop in the range of 3–5 W. For chronoam-
perometry measurements, the Ohmic drop was compensated at
85% using the Bio-Logic software EC-lab method MIR. Mass
changes from EQCM measurements were calculated using the Sau-
erbrey equation with Cf= (56.62.8) Hzcm2mg1;[52] this value was
calibrated by the electrodeposition of silver onto the Au-coated
quartz crystal, repeated six times.[53] Each stability test performed
by both EQCM and ICP–MS was repeated four times.
Since gold is not expected to be stable at high oxidative poten-
tials,[40] we did not perform reference measurements with the bare
EQCM crystals. Instead, the gold was coated by the catalyst thin
film, as described above, and we measured the amount of gold in
the electrolyte after OER tests. Based on two-hour tests at 1.9 VRHE
for three MnOx samples, the in-
crease of gold was less than
9 ngcm2 or equivalent to less
than 0.6 Hz. We therefore assumed
that Au is sufficiently masked from
the electrolyte.
At high current densities, gas for-
mation on the electrode affects
the frequency measurement; how-
ever, since the electrode was ori-
ented vertically, the bubbles
moved upwards and did not accu-
mulate on the active area. While
the bubble formation could cause
some noise in the measurement, it
would not have an effect on the
trends observed over two-hour
experiments.
Characterisation Methods
ICP–MS experiments were per-
formed with equipment from
Thermo Fisher Scientific, model
iCAP-QC ICP-MS. Samples were
taken out of the electrolyte before
and after each measurement using
a pipette. For tests in 0.05m H2SO4,
the samples were analysed with-
out further dilution, whereas for
1m KOH, the samples were diluted to 0.1m to protect the ICP–MS
components. For the quantitative analysis, calibration tests were
performed using diluted solutions of Mn or Ru, made from stand-
ards with 1000 mgmetalmL
1 purchased from SCP Science. Calibra-
tions were made with at least three concentrations. These were
prepared in the range of 0.1 to 10 mgL1 since the concentrations
of Mn and Ru in the investigated electrolytes are all within that
range. The calibration curves obtained could all be fitted to
a linear curve with an R2 of 0.99 or better. To calculate the total
mass loss with ICP–MS, the volume of the electrolyte was mea-
sured for each experiment. For measurements with the two-com-
partment Teflon cell, only the volume of the compartment contain-
ing the working electrode was used. It was confirmed with a sepa-
rate ICP–MS test that the amount of metal in the reference-elec-
trode compartment was negligible. The thin films were evaluated
by X-ray photoelectron spectroscopy using a Theta Probe instru-
ment (Thermo Scientific) where the base pressure was 5
1010 mbar. The X-ray source was monochromatized AlKa
(1486.7 eV). Furthermore, the thin films were analysed by X-ray dif-
fraction (XRD) using a PANanalytical X’pert PRO equipment with an
X-ray wavelength of 1.54  for the CuKa line.
2. Results and Discussion
To determine the structure of the two oxides, we performed
glancing-angle XRD measurements. In Figure 2a, the diffracto-
grams for RuO2 and MnOx are shown, together with literature
references and a measurement for the glass substrate. For the
RuO2 film, the diffractogram obtained was consistent with
a rutile RuO2 structure,
[54] whereas for MnOx, no significant
peaks were found, indicating that the film is amorphous. To
Figure 2. a) XRD diffractograms for RuO2, MnOx and the substrate, together with literature references. The litera-
ture data for RuO2 is from Ref. [54] and that for MnO2 from Ref. [59] . b) XPS spectra of the Mn 3s region for
a 40 nm MnOx on EQCM sample. The red arrow indicates the difference in binding energy for the Mn 3s multiplet
splitting. c) XPS spectra of the Mn 2p region for a 40 nm MnOx on EQCM sample. The red arrow indicates the dis-
tance from the Mn 2p1/2 peak to its corresponding satellite. d) XPS spectra of the Ru 3d core level region for
a 40 nm RuO2 on EQCM sample.
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further characterise the composition, XPS analyses were carried
out. The results can be seen in Figure 2b–d for MnOx and
RuO2, respectively. The MnOx film was evaluated using the Mn
3 s multiplet splitting and Mn 2p1=2 distance between the main
peak and its satellite.[55, 56] The former was found to be 4.7 eV
and the latter 11.4 eV, suggesting that the stoichiometry is con-
sistent with MnO2, which is also the most stable surface for Mn
under OER conditions.[57] The RuO2 film was evaluated based
on the position and area of the Ru 3d lines, which matched
with RuO2 literature references.
[58]
The electrochemical results are described in experimental
order to ensure ease of reproducibility. As a first step, the activ-
ity of each sample was evaluated by using standard cyclic vol-
tammetry at 5 mVs1. Representative results can be seen in
Figure 3 for both RDE and EQCM setups. A useful figure of
merit is the overpotential needed to sustain 10 mAcm2.[3] For
RuO2 in 0.05m H2SO4 it is (3548) mV whereas for MnOx it is
(4946) mV, using the results from the RDE setup, based on
two independent measurements for each oxide. These overpo-
tentials are comparable to earlier reports in the literature, even
though the films are only 40 nm thick and deposited onto
smooth substrates, likely resulting in lower surface areas com-
pared to samples made by electrodeposition or thermally pre-
pared oxides. The activity obtained in the EQCM setup is
slightly lower at high overpotentials for both samples; this dis-
crepancy could result from a less facile bubble removal, com-
pared to the rotating disk. However, the onsets of OER are the
same in the two setups. Next, the Ohmic loss was evaluated
by using impedance spectroscopy, followed by a stabilisation
period during which the measured resonance frequency for
the EQCM settled at a constant level. We observed that the fre-
quency reading became stable after approximately 30 to
60 min, presumably due to temperature equilibration or equip-
ment vibrations from cell assembly. Our criterion for establish-
ing the stability was that the frequency would change less
than 1 Hz over 15 min, which corresponds to a lower change
than for any subsequent OER test. In the case of the RuO2, the
films were stabilised at 1.23 VRHE whereas the MnOx films were
Figure 3. Cyclic voltammetry curves at room temperature for: a) 40 nm RuO2
in 0.05m N2-saturated H2SO4. b) 40 nm MnOx in 1m N2-saturated KOH. The
scan rate was 5 mVs1 and 1600 RPM (revolutions per minute) were used in
the RDE tests. The current was normalised to the geometric area. The first
anodic sweeps are shown.
Figure 4. a) Chronopotentiometry at 30 mAcm2 for 40 nm RuO2 by using
EQCM in 0.05m N2-saturated H2SO4 at room temperature. The black line indi-
cates the measured potential and the blue line indicates the change in mass
based on in situ resonance frequency measurements. b) Chronoamperome-
try at 1.8 VRHE for 40 nm RuO2 by using EQCM in 0.05m N2-saturated H2SO4
at room temperature. c) Comparison of the mass change found from EQCM
and ICP–MS based on four separate experiments. The mass loss from the
ICP–MS measurements was adjusted to the equivalent RuO2 mass (rather
than the Ru mass) for more direct comparison to EQCM measurements.
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stabilised at 1.4 VRHE ; in both cases these potentials were
chosen on the basis that the dioxide phases would be
stable.[59] After the initial period of cycling, impedance mea-
surement and stabilisation, samples for ICP–MS analysis were
taken. From four measurements on each catalyst we found an
average of (12360) ngoxide cm2 RuO2 and (472
240) ngoxide cm
2 MnO2 present in the solution prior to further
testing. These results indicate that the initial cyclic voltamme-
try induces mass losses for both materials, these losses being
more significant for MnOx. During subsequent corrosion meas-
urements, to assess the amount of Ru or Mn dissolved during
the test, the initial amount of dissolved Ru or Mn at the start
of the measurement was subtracted from the final amount.
Once the frequency had stabilised, first chronoamperometry,
CA, and then chronopotentiometry, CP, measurements were
started. For RuO2, we measured CA at 1.8 VRHE and CP at
30 mAcm2. These parameters were chosen to ensure that the
potential was positive of the reversible potential for RuO4 for-
mation, 1.39 VRHE,
[60] under standard conditions. For MnOx, po-
tentials at 1.8 and 1.9 VRHE and a current density of 20 mAcm
2
were chosen to be positive of the potential for MnO4
 forma-
tion.[60] All stability tests were carried out for 2 h. We have ob-
served that longer term tests tend to yield a poorer reproduci-
bility; this could be a result of thickness gradients giving rise
to local conductivity issues, exposed substrate, redeposition of
dissolved species or precipitation. It should also be noted that
corrosion mechanisms are highly dependent on the material.[39]
The degradation of some materials may actually be accelerated
by potential cycling (as shown by Mayrhofer and co-workers to
be the case for Pt, by combining cyclic voltammetry with
online ICP measurements[61]). Consequently, to study the resist-
ance to corrosion of such materials, potentiodynamic—rather
than potentiostatic—tests would be necessary.
2.1. Stability of RuO2
In the case of RuO2, the results from chronopotentiometry and
chronoamperometry can be seen in Figure 4a,b. Chronopoten-
tiometry, as a technique, should correspond to the per-
formance for a constant hydrogen production load on an elec-
trolyser. The extra overpotential needed to sustain the hydro-
gen production is directly correlated to energy loss. In Fig-
ure 4a, it can be seen that RuO2 can maintain a stable per-
formance, which changes only slightly during 2 h. However,
looking at the mass change associated with the test, it is clear
that there is a constant mass loss. This mass loss is equivalent
to 4.8 monolayers (ML) per hour assuming the density and lat-
tice parameters of (110) RuO2 layers.
[54] Figure 4b shows the re-
sults of the chronoamperometry measurement. The potential
is held constant throughout the measurement; since the cur-
rent depends exponentially on the potential, any deactivation
shows up more clearly than in a chronopotentiometry mea-
surement. A constant potential at 1.8 VRHE yields a mass loss
equivalent of 4.4 ML per hour. With this rate, it would take ap-
proximately 29 h to corrode all of the 40 nm film. Assuming
that the corrosion proceeds in accordance to RuO2+2H2O!
RuO4(aq)+4H
+ +4e ,[36] a dissolution rate of 4 ML per hour
would be equivalent to 0.6 mAcm2, that is, more than four
orders of magnitude lower than the oxygen evolution current
density. In principle, the transient formation of RuO4
[36] could
be detected with a rotating ring disk electrode setup; however,
the necessary current sensitivity would be unrealistic. We also
analysed the solution by ICP–MS after the electrochemical
tests ; Figure 4c compares the EQCM and ICP–MS results. The
mass losses found from the ICP–MS measurements shown in
Figure 4c are converted to RuO2 equivalent since ICP–MS is
only sensitive towards single elements and not the initial
oxides. Comparing the two methods, there are differences for
Figure 5. a) Chronopotentiometry at 20 mAcm2 for 40 nm MnOx by using
EQCM in 1m N2-saturated KOH at room temperature. The black line indicates
the measured potential and the blue line indicates the change in mass
based on in situ resonance frequency measurements. b) Chronoamperome-
try at 1.9 VRHE for 40 nm MnOx by using EQCM in 1m N2-saturated KOH at
room temperature. c) Comparison of the mass change found from EQCM
and ICP–MS based on four separate experiments. The mass loss from the
ICP–MS measurements was adjusted to the equivalent MnO2 mass (rather
than the Mn mass), for more direct comparison to EQCM measurements.
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both tests. The losses evaluated by ICP–MS are higher than
what is seen from the EQCM method. This could be due to the
fact that EQCM is only sensitive to about 28% of the catalyti-
cally active area, as descibed in the experimental section. We
assume a homogeneous mass loss across the electrode but an
inhomogenous current distribution could result in a wrong es-
timation. On the other hand, ICP–MS is sensitive to losses from
the entire electrode area, which is likely to give a more accu-
rate evaluation.
2.2. Stability of MnOx
Chronopotentiometry and chro-
noamperometry tests were also
carried out for MnOx in alkaline
solution, 1m KOH, as shown on
Figure 5a,b. Compared to the re-
sults for RuO2, the chronopoten-
tiometry test results in a larger
increase of potential during the
two hours. The graph in Fig-
ure 5a also shows the impor-
tance of choosing an axis length
spanning only the relevant data
range so the change is easily
spotted. However, on the basis of the chronoamperometry
measurement in Figure 5b, the deactivation is even clearer be-
cause of the exponential behaviour of the current density as
a function of the overpotential. However, in both measure-
ments, a constant mass loss takes place in parallel with the
oxygen evolution current. At 1.9 VRHE, the loss of 1128 ngcm
2
is equivalent to about 3.9 ML per hour, assuming the density
and lattice parameters of rutile (110) MnO2 layers,
[59] while
a constant current at 20 mAcm2 leads to a loss of about
2.6 ML per hour.1 Assuming that the losses are due to anodic
dissolution, that is, MnO2+2H2O!MnO4(aq)+4H+ +3e ,[60]
this rate would be equivalent to a current density of
0.35 mAcm2, more than four orders of magnitude lower than
the total current.2 The mass losses were also evaluated by ICP–
MS after each measurement, as shown in Figure 5c. We note
that the error bars are rather large. Nonetheless, the two meth-
ods show an overall agreement. Extrapolating the data here,
the time required to completely corrode a 40 nm-thick MnOx
film would be approximately 36 h at a constant potential of
1.9 VRHE. From another perspective, a confirmation of stability
for a given catalyst would require that a specific lifetime can
be ensured. As an example, a lifetime of five years for a 40 nm
film corresponds to a maximum of 0.02  dissolved material in
a two-hour test. This rate for a RuO2 catalyst on a 1 cm
2 elec-
trode in 100 mL of electrolyte results in a less than 2 ppt con-
centration in the ICP–MS analysis. Such concentrations ap-
proach the limit of detection, that is, 0.4 ppt for Ru,[62] which
complicates meaningful extrapolation. Therefore, a comprehen-
sive lifetime evaluation should be accompanied by a long-term
test. In Table 1, the relevant stability metrics and standard devi-
ations are listed together with the OER activity of the thin
films.
From these measurements, it is clear that solely examining
current or potential changes for a small number of hours is in-
sufficient to establish the long-term performance of an OER
catalyst in an electrolyser. On the contrary, the anodic dissolu-
tion of a catalyst may actually manifest itself over a short-term
measurement as an improvement in current density or de-
creased overpotential, due to an increased surface area.[34] OER
conditions may lead to an increase in the microscopic surface
area, a decrease in the catalyst surface area and a structural
change to a more stable phase; without prior knowledge, it is
not possible to determine which of these processes would pre-
dominate. Therefore, we emphasise that explicit analyses of
mass changes are needed to quantify the stability of these
catalysts.
3. Conclusions
In conclusion, we have shown that the stability of catalysts for
the oxygen evolution reaction can be assessed by means of
short-term tests based on a combination of EQCM and ICP–
MS. It is clear that it is not possible to even roughly estimate
the long-term performance of a catalyst on the basis of short-
term chronopotentiometry or chronoamperometry measure-
ments alone. Benchmarking and standardising research efforts
are still at an early stage for this reaction. Nonetheless, when
a new catalyst is discovered, rigorous and transparent criteria
should be applied to establish whether or not the material is
stable. While the end goal should be to test catalysts over the
long term in actual devices, the quantification of mass losses
using well-defined electrodes combined with EQCM and ICP–
MS provides a less-time-consuming, albeit meaningful, alterna-
tive. Finally, although we have focused on the oxygen evolu-
1 We assumed a MnO2 composition on the basis of our XPS analysis. Although
the XRD experiments suggested that the films are amorphous, we take the
view that the rutile (110) plane provides a reasonable approximation of the
surface termination. Should we have chosen a different structure, the inter-
planar distance would always be between 2–4 , varying the loss in monolay-
ers by less than a factor of two. The exact surface termination will not
change our overall conclusions.
2 It is conceivable that MnO2 dissolves via a two-electron process to MnO4
2,[60]
which would lead to a corrosion current density of 0.26 mAcm2, rather than
0.35 mAcm2. Regardless, this will not change the picture presented herein, as
the anodic current would still be negligible in comparison to the overall dis-
solution current.
Table 1. Stability metrics from EQCM and ICP–MS.
Sample[a] h10 mAcm2 [mV]
from RDE
DM1.8V(RHE) 2 h
[ngoxide cm
2]
DM1.9V(RHE) 2 h
[ngoxide cm
2]
DM30 mAcm2 2 h
[ngoxide cm
2]
DM20 mAcm2 2 h
[ngoxide cm
2]
RuO2 3608 EQCM 146413/ – 1566110/ –
ICP-MS 191569 2624346
MnOx 4906 EQCM 462131/ 1128229/ – 73593/
ICP-MS 332108 1570447 793194
[a] For both oxides the measured mass losses are shown with corresponding standard deviation from four in-
dependent measurements. The overpotentials listed here are from RDE tests based on two independent meas-
urements. Mass losses from EQCM are calculated from the frequency change using the Sauerbrey equation.
Values for ICP–MS are corrected to the corresponding dioxide masses.
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tion reaction, the findings of this report are general and could
be applied to many other electrochemical reactions, including
hydrogen evolution, oxygen reduction and CO2 reduction.
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Introduction
The sustainable production of hydrogen is a promising route
for intermittent energy sources such as wind and solar
power.[1] The electrochemical splitting of water is facilitated in
electrolyzers, in which hydrogen is evolved at the cathode and
oxygen at the anode. The overall efficiency of such cells is se-
verely hindered by losses at the anode,[2,3] at which the compli-
cated oxygen evolution reaction (OER) introduces a large over-
potential. This process has been the focus of many studies,
both theoretical[4–10] and experimental,[11–17] but despite the
keen attention, the state-of-the-art OER catalysts still exhibit
large overpotentials. In OER, four electrons and protons are re-
moved from two water molecules. The proton and electron
most difficult to remove determine the overpotential. The four
reaction steps are shown in Equations (1)–(4).
*OH2 ! *OHþ Hþ þ e ð1Þ
*OH! *¼Oþ Hþ þ e ð2Þ
*¼Oþ H2O! *OOHþ Hþ þ e ð3Þ
*OOH! * þ O2 þ Hþ þ e ð4Þ
in which * represents an active surface site. This reaction path-
way is valid for acidic solutions but changing to an alkaline en-
vironment does not change the thermodynamic analysis pre-
sented herein. The potential-determining step indicates the
potential needed to have all steps downhill in free energy.
From a thermodynamic point of view, the potential for remov-
ing protons and electrons is given by differences in free
energy between reaction intermediates.[18] Therefore, minimiz-
ing the overpotential is firstly a matter of binding the reaction
intermediates with the right strength to the catalyst surface,
making the largest free energy difference for any oxidation
step as small as possible. Unfortunately, the binding energies
of the different intermediates cannot be varied independently
from each other; in general binding energies of similar inter-
mediates scale with each other.[19–21] This phenomenon has
been established for reaction intermediates such as SHx, NHx,
and OHx on a variety of surfaces including metals, sulfides, ni-
trides, and oxides and is known as scaling relations. The two
OER intermediates *OH and *OOH therefore interact in
a similar way with any catalyst surface, which limits the activity
of even the best performing catalysts. For the OER (proceeding
via *OH and *OOH intermediates), a minimal overpotential
of 0.3–0.4 V is needed owing to a constant difference in free
energy of 3.2 eV for the 2e/H+ oxidation from *OH to
*OOH.[9,10] The minimum overpotential can be found from the
energy difference of 3.2 eV by dividing with two elementary
charges and subtracting the equilibrium potential for oxygen
Electrochemical production of hydrogen, facilitated in electro-
lyzers, holds great promise for energy storage and solar fuel
production. A bottleneck in the process is the catalysis of the
oxygen evolution reaction, involving the transfer of four elec-
trons. The challenge is that the binding energies of all reaction
intermediates cannot be optimized individually. However, ex-
perimental investigations have shown that drastic improve-
ments can be realized for manganese and cobalt-based oxides
if gold is added to the surface or used as substrate. We pro-
pose an explanation for these enhancements based on a hydro-
gen acceptor concept. This concept comprises a stabilization
of an *OOH intermediate, which effectively lowers the poten-
tial needed for breaking bonds to the surface. On this basis,
we investigate the interactions between the oxides and gold
by using DFT calculations. The results suggest that the oxygen
evolution reaction overpotential decreases by 100–300 mV for
manganese oxides and 100 mV for cobalt oxides.
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evolution at standard conditions of 1.23 V.[9] Thus, the two
proton–electron transfers both proceed at 1.6 V, equivalent to
an overpotential of 0.37 V. By changing from one catalyst to
another and thereby changing the binding strength, there is
little hope to break this fundamental limitation for OER. For
catalyst surfaces that bind too strongly (which is the situation
on Mn, Co, Ir, and Ru oxides), the overpotential originates from
breaking a bond between the intermediates and the surface
[Eq. (3)] .
For surfaces that bind too weakly, such as NiO or TiO2, the
overpotential is related to bonds forming to the surface
[Eqs. (1) or (2)] . This simple relationship between catalytic ac-
tivity and binding of intermediates illustrates the Sabatier prin-
ciple.[22] For the OER a suitable descriptor for the activity is the
reaction energy of the second step [Eq. (2)] , DG*=ODG*OH.
Through the linear scaling relation between *OH and *OOH,
this single descriptor can describe the potential-determining
step for both strong and weak binding catalysts towards the
OER.[10]
For catalyst surfaces on which reaction (3) is potential-deter-
mining, the activity could be enhanced by stabilizing the
*OOH intermediate relative to *=O and *OH, as reaction (3)
would then require a lower potential. A strategy and example
on this concept have recently been demonstrated for mixtures
with RuO2 and either Co or Ni.
[23] The idea is to introduce a hy-
drogen acceptor on the RuO2 surface, in this case an oxygen
atom, near Co or Ni so that *OOH forms a strong hydrogen
bond to this acceptor or even donates the hydrogen, forming
*OHacceptor and O2 on the surface rather than the *OOH inter-
mediate. Experimentally, several studies have reported activi-
ties that oxides based on RuCo or RuNi mixtures are more
active than pure RuO2.
[24–26]
Decoupling the *OOH binding energy from the *OH bind-
ing makes it possible to tune the catalytic properties by vary-
ing the hydrogen acceptor. Reaction (3) is therefore changed
into reaction (5):
*¼Oþ H2Oþ *¼Oacceptor ! *O2 þ *OHacceptor þ Hþ þ e ð5Þ
In this case the thermodynamic restrictions owing to the
linear scaling relationships between *OH and *OOH binding
no longer hold, that is, formally the OER may proceed at po-
tentials closer to the thermodynamic limit.[23] The desirable
property of the acceptor site is a suitable potential at which
*=Oacceptor!*OHacceptor can proceed and regenerate. For
oxygen evolution, the optimal potential for this hydrogen ac-
ceptor process would be near 1.23 V.
Manganese and cobalt oxides have been studied extensively
in recent years[6–8,13,27–31] as alternatives to the commonly used
Ru or Ir-based catalysts.[11] Besides being abundant and benign
elements, they have been proven active in the OER[32–35] and,
in the case of MnOx, also in the oxygen reduction reaction.
[36,37]
It has recently been shown that the activity of MnOx nanoparti-
cles towards oxygen evolution can be drastically increased in
the presence of Au.[38] From those results, a combination of
MnOx and Au nanoparticles showed a 20-fold increase in turn-
over frequency at 400 mV overpotential. The enhanced activity
was also obtained by adding Au as H[AuCl4] to the electrolyte.
A similar effect was found earlier by El-Deab, Mohammad et al.
by using Au as substrate for nano-MnOOH, reducing the over-
potential by more than 200 mV compared to that found on Pt
or glassy carbon substrates.[39,40]
Similarly, for CoOx it has been found that depositing
0.4 monolayers of CoOx on Au results in a higher activity than
pure CoOx.
[41] It was even shown that Au-supported CoOx was
more active than Pt, Pd, and Cu-supported CoOx. From those
results the authors suggested that the effect of the metal sup-
port was related to the electronegativity affecting the binding
to oxygen.[41] Another interpretation could be that the metal
support was directly involved in the OER mechanism, as the
effect was most pronounced for submonolayer films. Further-
more, in a recent study Au nanoparticles embedded in meso-
porous Co3O4 were found to enhance the activity towards
OER.[30] In Figure 1, the experimental observations from[30,38, 41]
have been summarized in a Tafel plot. For MnOx nanoparticles,
the decrease in overpotential due to presence of Au varied
from 100 to 150 mV, whereas for CoOx the decrease varied
from 20 to 100 mV.
In this work we propose an explanation for these activity en-
hancements on the basis of the recently proposed hydrogen
transfer from *OOH to an adjacent acceptor site.[23] By using
DFT, the binding energies to the OER intermediates have been
calculated on both rutile MnO2 and Mn2O3 and the effect of Au
interaction is explored. These two oxides are chosen due to
their stability at OER relevant potentials.[27,42] Data for CoOx are
taken from Ref. [43] .
Results and discussion
First, we focus on MnOx and later extend the conceptual un-
derstanding to CoOx. Water oxidation on pure Mn2O3 (and
Co3O4) via *OOH is thermodynamically limited by the forma-
tion of the *OOH intermediate, as seen in the free energy dia-
gram in Figure 2a. The free energy diagrams in Figure 2 are all
shown at 0 V and depict the energy levels for each reaction
Figure 1. Experimental data summarized in a Tafel plot, showing recent re-
ports of OER activity enhancements due to the presence of Au. For MnOx/
Au and MnOx the data is taken from Ref. [38] . For CoOx on Au and on bulk
Co the data is from Ref. [41] , and for Au in mesoporous (m-) Co3O4 and
Co3O4 the data is from Ref. [30] .
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step [Eqs. (1)–(4)] with and without the hydrogen transfer
mechanism. The overpotential for Mn2O3 is estimated to be
1.0 V, rendering this oxide inert for water oxidation. The over-
potential is lowered significantly with a rutile-type MnO2 cata-
lyst, the surface Mn atoms of which are more oxidized. This
weakens the Mn=O bond so that it breaks more easily on for-
mation of the MnOOH intermediate, thus, the related overpo-
tential decreases (see Figure 2b). Even in this case the forma-
tion of MnOOH remains potential-determining but the critical
Mn=O intermediate is significantly destabilized, lowering the
potential required to form the OO bond to 1.7 eV. This corre-
sponds to an overpotential of 0.5 V.
In both cases a stabilization of the *OOH would result in
a decrease of overpotential. Such an effect may be obtained
by a hydrogen transfer from *OOH to an adjacent acceptor
site.[23] The hydrogen transfer could occur either to a Au=O ac-
ceptor site at an adjacent nanoparticle or, assuming the possi-
bility of incorporating Au into the surface, to a MnOAu site.
Notably, the *OH binding energy for a Au nanoparticle is
modelled by the binding energy to Au(111). A visualization of
these effects can be seen in Figure 3, with the hydrogen trans-
fer to a nearby Au nanoparticle shown at the top and the in-
corporated Au site at the bottom. Additionally, the possibility
of hydrogen transfer to a Mn=O unit needs to be considered.
The latter situation may also be present in pure MnO2.
Including hydrogen transfer to an adjacent Mn=O site on
MnO2 in the reaction mechanism results in the free energy dia-
gram shown in Figure 2b (c). There is a clear stabilization of
the MnOOH binding, the energy of which becomes 3.5 eV. At
this point, only 0.3 eV is required to facilitate OO bond forma-
tion. Correspondingly, the oxidation of water to a hydroxide
[Eq. (1)] becomes potential-determining, resulting in a decrease
in the overall overpotential to only 0.4 V. Although the as-
sumed hydrogen transfer is thermodynamically favorable, it
would likely be blocked under the reaction conditions as the
required adjacent Mn=O sites are involved in the OER and thus
unavailable.
This is in contrast to the case with Au=O and MnOAu
sites, which are both inactive for water oxidation[39] but show
favorable energetics as hydrogen acceptors. The cost for recov-
ery of Au=O species, assuming an *=O coverage of 1/3 at
a face-centered cubic (111) surface was reported to be
1.4 eV.[4] In fact, there is likely a variety of different sites avail-
able on Au nanoparticles that could act as hydrogen acceptors,
however, treating a full Au nanoparticle is outside the scope of
this investigation. Correspondingly, the binding energy of the
*OOH species decreases to 3.5 eV, rendering the initial forma-
tion of *OH [Eq. (2)] potential-determining. Again the overpo-
tential is lowered to 0.4 V. Incorporation of Au into the MnO2
lattice, depicted in the lower highlight in Figure 3, can result in
the formation of a MnOAu site. In such a configuration the
Au is located in a bridging position.[10] Assuming hydrogen
transfer to a MnOAu site again renders the oxidation of
water to MnOH potential-determining by lowering the bind-
ing energy of MnOOH to 3.5 eV. Therefore, reaction (1) deter-
mines the theoretical overpotential, which becomes 0.4 V.
Figure 2. Free energy diagrams for the OER at zero applied potential.
a) Mn2O3 without H transfer (c), with H transfer (c), and with H transfer
to an adjacent Au=O site (c). b) Rutile MnO2 without H transfer (c),
with H transfer (c), with H transfer to an adjacent Au=O acceptor (c),
and with H transfer to an MnOAu site (c) ; blue and purple lines coin-
cide. c) CoOOH (0112) (c), (0114) (c), and (0001) (c) surfaces,
Co3O4 (c), and Co3O4 with H transfer to a Au=O acceptor (c). CoOOH
data are taken from Ref. [43] . g : Energy levels for an ideal catalyst.
Figure 3. Model showing two different pathways for hydrogen transfer
during OER on a rutile (110) MnO2 surface. *: Au, *: Mn, *: lattice O,
*: reacting O, and*: H atoms. In the first pathway (upper highlight), the
hydrogen transfer is facilitated by an adjacent Au nanoparticle. In the
second pathway (lower highlight), the MnOAu site functions as hydrogen
acceptor, requiring Au to be incorporated into the MnO2. A similar situation
is possible for Co3O4 or the (0114) facet of b-CoOOH, which both benefit
from Au=O as hydrogen acceptor.
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In the case of Mn2O3 the binding to all the intermediates are
stronger, resulting in a close to ideal binding of the *O and
*OH intermediates. Upon assuming hydrogen transfer to an
adjacent Au=O site at a Au nanoparticle, the overpotential is
lowered to only 0.2 V. Here the recovery of the hydrogen ac-
ceptor unit and the OO bond formation step require approxi-
mately the same potentials. Further improvements are only
possible with a more ideal hydrogen acceptor. This analysis is
summarized in Figure 4, which includes the volcano plot show-
ing the activity dependence based on a single descriptor,
DG*=ODG*OH. This volcano arises from limitations of the scal-
ing relations that result in an overpotential of 0.3–0.4 V at the
peak, as described in the Introduction. Pure Mn2O3 is predicted
to be less active than pure MnO2, but with Au as hydrogen ac-
ceptor the order shifts as more ideal binding energies are
available for reactions (1) and (2) on Mn2O3.
Thermodynamically it is expected that MnO2 is the most
stable phase at OER-relevant potentials, at which a Mn2O3 sur-
face would be oxidized.[27,42] For Mn2O3, reaction (3) is poten-
tial-determining and essentially corresponds to a reduction of
the active site. However, as the binding energy to *OOH is so
weak, the lowest potential path for OER on Mn2O3 is through
an oxidation to MnO2. In the presence of Au (hydrogen accept-
ors), the lowest potential would instead occur in the OER on
the Mn2O3 site itself. This suggests that during OER the Mn2O3
sites near Au could exist simply because they can perform the
reduction of the catalytic site. This reducing effect agrees with
the indication from ex situ X-ray absorption spectroscopy that
a lower oxidation state of Mn forms in the vicinity of the Au.[38]
It also indicates that a very small subset of improved sites are
responsible for the overall increase in current, meaning that
these special sites must be very active. Unfortunately, it is diffi-
cult to assess the quantity of sites with improved catalytic ac-
tivity due to the presence of Au, which complicates estima-
tions of the real decrease in overpotential.
Extending the concept to CoOx, Co3O4 binds the intermedi-
ates similarly to MnO2, which results in a very similar reaction
profile. Due to some scatter in the binding energies, the over-
potential for the reaction proceeding via CoOOH becomes
only 0.3 eV.[10] This is lowered to 0.2 V on assuming a hydrogen
transfer to Au=O. Under OER conditions the most stable phase
for CoOx is b-CoOOH and the most active of the facets is
(0114).[43] Despite significant structural differences between
these cobalt oxides and hydroxides, the redox potentials for
the different oxidation steps are very similar, that is, an overpo-
tential of 0.40 V is found on assuming a CoOOH intermediate.
This is lowered to 0.3 V when considering the possibility of hy-
drogen transfer to Au=O. Similar results are also found for the
(0001) facet. In case of (0112) the oxidation of water to *O is
potential-determining. Correspondingly, no improvements can
be achieved by stabilizing the *OOH intermediate.
Similar to CoOx and MnOx, improvements from using a Au
support have also been reported for nickel oxides.[44] For NiO
and NiO2, which lie on the weak binding side of the volcano
plot, reaction (2) is potential-determining. Thus, stabilization of
the NiOOH intermediate through a hydrogen acceptor no
longer results in a lower overpotential. Instead, an improve-
ment could originate from the same property of Au, that is,
the oxidation potential at which a Au site forms Au=O. Alterna-
tively, Au can act as an electron sea so that reaction (2) can
proceed at a lower potential. This would be similar to the
effect of doping in, for example, TiO2.
[45]
Conclusions
We propose that hydrogen transfer to an adjacent site signifi-
cantly improves catalytic activity in the oxygen evolution reac-
tion (OER) on Mn and Co oxides. Such an effect can explain
the beneficial interactions between Au and the oxides report-
ed experimentally. The absolute values of potentials described
here may not be directly transferable to the experimental con-
ditions, however, the trends indicate enhancements in overpo-
tential in the order of 100 mV for MnO2 and 300 mV for Mn2O3.
For both Co3O4 and CoOOH the enhancement is approximately
100 mV. These trends are qualitatively consistent with the ex-
perimental results. As an unknown fraction of the total amount
of sites is affected by the addition of Au it is complicated to
compare these results directly to experimental work. It is likely
that, since a small subset of sites is improved, the experimental
enhancement is dampened in comparison to what the theoret-
ical calculations suggest. Potentially, the OER sites on Mn and
Co oxides close to Au approach the thermodynamic limit for
OER just like the special sites that have an increased OER activ-
ity due to the Ni and Co incorporation on Ni and Co-modified
RuO2.
[23] Therefore, a huge challenge remains in increasing the
density of these special catalytic sites and stabilizing the
surface.
Figure 4. The theoretical volcano plot obtained for OER proceeding via
*OH and *OOH (c) by using the difference in binding free energies be-
tween the *=O and the *OH, established in Ref. [10] as a descriptor for the
theoretical overpotential in [V]. a : Potential of a Au=O hydrogen acceptor
that is also the lower limit for overpotentials obtained from interaction with
such a site. *: Theoretical overpotential without a hydrogen acceptor, *: over-
potential including the hydrogen acceptor. Mn2O3 (&/&), MnO2 (*/*), and
Co3O4 (^/^) are placed on the strong binding branch of the volcano. For b-
CoOOH only the (0114) facet (!/!) is on the strong binding, for which an
effect of Au interaction can be expected.
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Computational Data
All MnOx were modeled by using periodic boundary conditions.
The calculations were performed with the GPAW[46,47] DFT code
(version 0.9.0.8965) at the generalized gradient approximation
level of theory. DFT using the revised Perdew–Burke–Ernerhof
functional[48] in combination with a finite difference grid (grid spac-
ing: 0.15 ) and 221 k point set were employed. For the Au
doped system the k point set was reduced to 211 owing to
a larger unit cell and a set containing only the gamma point was
used for the considered molecules. The inner electrons were ap-
proximated by projector augmented wavefunctions[49] (ver-
sion 0.9.9672). Spin was treated explicitly by assuming a high spin
electron configuration with ferromagnetic coupling between the
Mn ions. A similar procedure has been employed for a number of
systems.[6,8,14] Geometries were relaxed by using the Broyden–
Fletcher–Goldfarb–Shanno algorithm as implemented into
ASE 3.6.0.[50] Convergence of the structure was assumed complete
if the forces were below 0.05 eV1. Zero-point energies and en-
tropy effects were included by adding constant corrections as de-
scribed previously.[10] All adsorption energies were calculated by
following the procedure described by Man et al. under standard
conditions (pH 0 and T=283.15 K).[10]
MnO2 was modeled by using a 21 unit cell for the non-Au-doped
case and a 31 unit cell for the Au-doped case of the (110) sur-
face combined with a 2 monolayer (ML)-thick slab. In agreement
with previous work[27] the surface was assumed to be fully oxidized,
that is, all surface manganese atoms had a formal oxidation state
of +5. The slab was terminated on the “bulk” side by *OH species
to model the bulk +4 oxidation state. Convergence of the slab
was ensured by comparison with a 3 ML slab. No significant differ-
ences were found.
The Mn2O3 model was constructed by employing a slightly simpli-
fied Mn2O3 unit cell similar to that used by Su et al. containing
2Mn2O3 units.
[27] The 2 ML slab was cut in the (110) direction and
terminated such that all “bulk” manganese atoms were in a formal
oxidation state of +3. Again, no differences with the results ob-
tained on a 3 ML Mn2O3 slab were found.
All binding energies used are shown in the Supporting Information
with the zero-point energy and entropy corrections. From the cal-
culated free energies, predictions of overpotentials were made by
using a previously reported method.[4,5,18] The basis of this method
was to set the reference potential to that of the standard hydro-
gen electrode and model the electrode potential (U) by shifting
the energy levels by eU. The lowest theoretical overpotential was
then the difference between U, with all steps downhill in energy,
and the equilibrium of water oxidation, 1.23 V.
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Abstract 
Catalysts are required for the oxygen evolution reaction, which are abundant, active and stable in 
acid. MnO2 is a promising candidate material for this purpose. However, it dissolves at high 
overpotentials. Using first principles calculations, we develop a strategy to mitigate this problem by 
decorating under-coordinated surface sites of MnO2 with a stable oxide. TiO2 stands out as the most 
promising of the different oxides in the simulations. We experimentally verify this prediction by 
testing sputter-deposited thin films of MnO2 and Ti-MnO2. We perform a combination of 
electrochemical measurements, quartz crystal microbalance and inductively coupled plasma – mass 
spectrometry measurements and X-ray photoelectron spectroscopy. Small amounts of TiO2 
incorporated into MnO2 lead to a moderate improvement in stability, with only a small decrease in 
activity. This study opens up the possibility of engineering surface properties of catalysts so that 
active and abundant non-precious metal oxides can be used in acid electrolytes. 
1. Introduction 
The wider uptake of intermittent sources of renewable energy, such of wind and solar, requires 
efficient and scalable means of storing the energy. Electrochemical devices such as electrolysers, 
photoelectrolysers and metal air-batteries are ideally suited towards this purpose.[1–4] Unfortunately, 
it turns out that the efficiencies of these technologies are severely limited by the sluggish kinetics of 
the oxygen evolution electrode.[5] Furthermore, the choice of electrolyte, acid or alkaline, has a 
significant impact on the materials available as catalysts.[6–8] This is exemplified by the case of Proton 
Exchange Membrane (PEM) electrolyzers, which are well suited for localized hydrogen production, 
due to their superior efficiency at high current densities, ability to manage fluctuating power inputs, 
and fast start up times.[9,10] A major drawback of the technology is that the acidic nature of the 
electrolyte severely limits the number of available electrode materials.[11,12] Copious amounts of 
precious metal oxides are required to catalyze the oxygen evolution reaction (OER), in particular 
Ir.[9,13–15] We recently estimated that in order for PEM electrolyzers to be scaled up to the terawatt 
level (i.e. to make a serious impact to the global energy challenge), ten years of the annual Ir 
production would be needed, solely for the oxygen electrode.[5,16][9] Similar scale up limitations hold 
for devices for photo-catalytic water splitting.[6] One alternative would be to switch to hydroxide 
conducting polymer electrolytes; under alkaline conditions, catalysts based on Ni, Fe and Co catalyze 
the OER on par, or even better, than the noble metal oxides.[17–24] However, despite their promise, 
hydroxide conducting polymeric electrolytes are still in their technological infancy: they are less stable 
and slightly less conductive than their proton conducting counterparts, and impose greater 
overpotentials at the hydrogen electrode.[25–27] It turns out that Ni, Fe and Co are unstable towards 
dissolution in acid.[11,28] In fact, even the noble metals and their oxides corrode under OER 
conditions.[29–32] A number of non-precious metal oxides, such as TiO2, SnO2, Ta2O5 and Nb2O5, are 
stable in acid, but inactive towards the OER.[14] As a consequence, it has long been recognized that 
there is a great need to finding stable and active materials, based on non-precious metals, for water-
oxidation in acid; even so, to  date, no obvious solutions or even strategies have been put forward.[33] 
MnO2 presents an interesting example, as it shows some compromise between being active 
and stable in both alkaline and acidic media.[34–43] In particular, the Pourbaix diagram of Mn reveals 
that it is stable, in the form of MnO2, at pH 0 to 14 from 1.3-1.7 VRHE,[28,44] a highly relevant range for 
OER. There are few reports of MnOx catalysts used for OER in low pH. In Figure 1, a comparison of 
these catalysts and a RuO2 thin film is shown, using a turnover frequency basis, 𝑇𝑇𝑂𝑂𝑂𝑂. Due to 
differences in thickness and preparation techniques, a direct comparison is complicated. The upper 
limit, 𝑇𝑇𝑂𝑂𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚, is found by assuming that only the surface participates in the reaction, whereas 
𝑇𝑇𝑂𝑂𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚 is found by assuming all of the catalytic material can contribute. Although these assumptions 
are crude, it is evident that the MnO2 film in this work has a significantly higher activity than the other 
MnOx references, with the exception of the Morita et al. catalyst. However, their catalyst is prepared 
by thermal composition and likely had a high roughness factor.[45] See more details in the 
supplementary information. 
 
Figure 1. Comparison of the MnOx-based catalysts reported in the literature, based on both 
𝑇𝑇𝑂𝑂𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑇𝑇𝑂𝑂𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚. Data from Morita et al. is shown in blue,[46] from Takashima et al. in 
green,[47] Huynh et al. in yellow [35] and Najafpour et al. in magenta.[48] A benchmark RuO2 
catalyst from [32] is shown in teal. The catalyst reported in this work is shown in red (measured 
with 5 mV/s, 1600 RPM and 0.05 M H2SO4). 
Recently, Nocera and co-workers reported the activity and stability of a novel MnOx based OER 
catalyst, from pH 1 to 13.[35] They demonstrated that at pH as low as 1, MnO2 can catalyze oxygen 
evolution within the range of its bulk thermodynamic stability, as shown in Figure 1. However, in 
order to utilize MnO2 in PEM electrolyzers, it will be essential to stabilize the surface at potentials 
positive of the standard dissolution potential, 1.7 VRHE.[28]  
Consequently, a key challenge, which has not been addressed thus far, is the development of active 
and stable catalysts for the OER in acid, which are free of precious metals. Herein, we develop a 
strategy to address this challenge. We employ density functional theory (DFT) calculations to 
investigate the feasibility of meta-stabilizing an oxide OER catalyst. Based on our calculations, we 
synthesize the oxides in the form of sputtered thin films. We test their catalytic activity and stability 
using our recently developed method,[32] combining electrochemical techniques, quartz crystal 
microbalance (QCM) and inductively coupled plasma mass spectrometry (ICP-MS). 
2. Results and Discussion 
2.1 Theoretical calculations 
The anodic dissolution of MnO2 in acid proceeds through the formation of the higher oxide MnO4-  as 
described in Equation (1): MnO2 + 2H2O → MnO4− + 4H+ + 3e−  Equation (1) 
The dissolution will proceed via the surface, where a variety of different sites will be present. The sites 
that dissolve at the lowest overpotential can be identified by invoking a simple argument, based on 
the cost in terms of surface energy. Terrace atoms are less prone to dissolution, as their removal 
would leave behind vacancies, which inherently have a high surface energy. On the other hand, 
removal of a stepped row or a kink site leads to the same surface structure; hence, no cost in surface 
energy is associated with the process. Therefore, the dissolution of under-coordinated sites is favored 
over the dissolution of terrace sites. DFT models describing the dissolution of metal surfaces yielded 
similar results.[49,50] According to our present understanding, the coordinatively unsaturated (CUS) 
sites marked in Figure 2a, which are located on the terraces, are the active sites for oxygen evolution 
on MnO2.[44] DFT calculations suggest this to be the case for RuO2 and other rutile oxides.[13,14,51] It 
follows that a viable approach for stabilizing such a surface would be to selectively block the under-
coordinated sites with a compound that is stable at highly anodic potentials; in principle, this should 
not come at the cost of catalytic activity, as we expect these sites to be inactive. 
The notion that the undercoordinated sites could be selectively blocked is supported by numerous 
reports in the literature. For Ru(0001) surfaces Behm and coworkers observed that Au or Cu would 
selectively adsorb on step edges from which larger islands could grow.[52,53] Interestingly, the same 
phenomena was observed for Ru growth on Au(111).[54] Specifically for N2 activation on Ru, selectively 
blocked step edges had enormous impact on the activity.[55] Selective adsorption has also been 
observed for Sulphur deposition on Ni(111) and for Oxygen on Ruthenium.[56,57] A relevant example 
for oxides was reported by Stensgaard and co-workers, who showed that Pd nucleates preferentially 
on the step edges of Al2O3.[58] Finally, for electrochemical systems Bi and Te have been reported to 
decorate steps of Pt(775) [59] and Cu bind the strongest to Pt steps and kinks.[60] 
Herein, using DFT, we simulate several MnO2 structures with different guest oxides placed at the 
undercoordinated sites, with the configurations shown in Figure 2b and c. The guest oxides, in their 
bulk form, have more positive dissolution potentials than any MnO2 compounds. Our approach allows 
us to elucidate trends in surface segregation on MnO2, and to predict whether heteroatoms may 
stabilize the surface of the catalyst. The calculations are performed at the Generalized Gradient 
Approximation (GGA) level, with an RPBE functional[61]. Similar calculations have previously been 
reported to be sufficient for finding bulk properties of oxides,[62] surface stability and activity of Mn 
oxides,[44] trends in overpotential for OER catalysts [13,14,51,63] and dissolution phenomena.[50,64]  
The structures used for the model are shown in Figure 2b and 2c. As a first order approach, we will 
define the energy of termination as the stability of the guest material versus its own bulk structure 
using Equation (2): 
∆𝐸𝐸 = 𝐸𝐸term − 𝐸𝐸ref − (𝐸𝐸unit,guest − 𝐸𝐸unit,ref)  Equation (2) 
Where ∆𝐸𝐸 is the termination energy, 𝐸𝐸term the total energy of the terminated structure, 𝐸𝐸ref the 
energy of the original MnO2 structure, 𝐸𝐸unit,guest the energy of a unit cell of the guest oxide in its bulk 
form, and 𝐸𝐸unit,MnO2 the energy of a unit cell of the MnO2 in its bulk form, which is substituted. The 
energies are reported in eV/MO2 units, with M being a transition metal. 
A negative ∆𝐸𝐸 suggests there is a favorable driving force for the guest material to segregate to the 
under-coordinated sites. An oxide with a very negative 𝐸𝐸unit,guest is very stable in its pure bulk form. 
Consequently, it should be unfavorable to terminate the MnO2 with an oxide that is more stable in 
the bulk form. 
  
Figure 2: a) A top view of the rutile (110) surface. Two types of metal sites are 
available. The CUS sites are shown with purple spheres and the Bridge sites with dark 
green spheres. b) A stepped rutile MnO2 structure based on the (120) surface used to 
calculate termination energies. Here the slab is repeated 5 times in the x direction and 
2 times in y. c) Kinked rutile MnO2 structure based on the (120) surface used to 
calculate termination energies. Here the slab is repeated 2 times in the x direction and 
2 times in y. In all three figures, the purple spheres represent manganese, red spheres 
oxygen and grey spheres a terminated step or kink. 
A (120) MnO2 surface was terminated with TiO2, GeO2, SnO2, PtO2, RuO2 and IrO2 at the step site. The 
results are summarized in Figure 3, where the termination energy is plotted as function of the (110) 
surface formation energy of the guest oxides. The plot shows that the two quantities are correlated: 
surfaces with more positive values of the (110) surface formation energies have positive termination 
energies, i.e. PtO2, SnO2, RuO2 and IrO2. Other factors influencing the termination energy are the 
lattice mismatch between the MnO2 and the guest oxide. It turns out that all compounds plotted in 
Figure 3, apart from SnO2, exhibit calculated lattice parameters, a, ranging from 4.5 Å to 4.725, 
comparable to the 4.499 Å of MnO2. Of all the oxides, the lattice parameters of GeO2 are closest to 
matching the lattice parameters of MnO2; this could explain why this compound has the most 
negative termination energy. On the other hand, SnO2 has the largest value of a, which would make 
its incorporation into MnO2 less favorable, leading to an anomalously positive termination energy. 
The calculated lattice constants are all listed in the Supporting Information in Table S1. Out of the six 
guest materials, TiO2 and GeO2 stand out as the only materials exhibiting negative termination 
energies.  
To further investigate the termination we modeled kinked (120) MnO2 surfaces. The kinked structures 
were made twice as large as the stepped structures but repeated with a shift of roughly one lattice 
constant in the direction orthogonal to the step edge. When further repeated the stepped edge now 
contains kinks, as seen in Figure 2c, where the grey spheres indicate the exposed edges. Due to a 
difference in oxygen coordination for the resulting kinked structure, two Mn atoms are replaced with 
Ti, forming the kink as shown in Figure 2c. This resulted in an average oxygen coordination of two for 
each Ti, which is consistent with the stepped surface model. The resulting termination energy for Ti is 
-0.3 eV/AtomTi, indicating that there is a driving force for this oxide to be located at the kink sites. 
Since it is more negative than for the stepped surface, the kinks are more likely to be occupied by Ti 
than the step sites. We also simulated an Ir-terminated (120) MnO2 kink surface; its stability was +0.1 
eV (MO2)-1, i.e. it is unstable. Consequently, the data for the kink-terminated Ir and Ti surfaces seem 
to be consistent with the equivalent data for the stepped surfaces.  
In order to explore the possibility that the guest oxide, in particular TiO2, could form undesired 
structures with MnO2, we also simulated the incorporation of Ti into the bulk of MnO2, the 
substitution of Ti into the (110) surfaces of MnO2 and the formation of separate MnO2 and TiO2 
phases. It turned out that none of these undesired structures were stable, as described in the 
Supporting Information. In summary, we predict that decorating the surface of MnO2 with Ti or Ge 
could stabilize these oxides against anodic dissolution.  
The scarcity of Ge makes it less attractive for large scale energy applications.[16] On the other hand, Ti 
is abundant and, in the form of TiO2, stable against dissolution up until 2.1 V at pH 0.[28] On this 
account, Ti is often used to stabilize materials against anodic dissolution. The most well-known 
example of this, is the dimensionally stabilized anodes used for chlorine evolution, where Ti reduces 
the corrosion of RuO2 electrodes.[65,66] Moreover, several laboratories, including our own, have 
recently demonstrated that layers of TiO2 can stabilize photoelectrodes against corrosion[67–72].  
 
 
Figure 3. Termination energies for a rutile (120) MnO2 surface where TiO2, GeO2, PtO2, RuO2, 
SnO2 or IrO2 are covering the steps. The termination energy is plotted as function of the 
surface formation energy of the guest dioxides, taken from ref.[62] Both bridge and CUS steps 
were modelled; however, there were only minor differences, up to 0.1 eV between the two 
types of sites. Consequently, for clarity, we have only plotted the data for the bridge sites. 
To summarize our theoretical findings: undercoordinated sites are the most prone to dissolution. 
There is a thermodynamic driving force for TiO2 to selectively segregate to the undercoordinated 
sites, due to its favorable surface formation energy. This should lead to an overall stabilization of the 
surface, since TiO2 is stable in acid up to more than 2.1 VRHE.[28] At the same time the terrace sites, 
critical for the activity towards the oxygen evolution reaction, are less likely to be occupied by TiO2. 
For the remainder of this paper, we shall experimentally verify the theoretical prediction that TiO2 
decorated MnO2 should exhibit improved stability, relative to MnO2, without compromising the OER 
activity.  
2.2 Experimental results 
Several options exist for the experimental realization of the theoretically predicted catalyst; we chose 
to do so by sputter-depositing thin films of mixed Mn and Ti oxides. We adapted the deposition 
methods from our previous study on pure oxides.[32] The films had a nominal total thickness of 40 nm 
(based on the average deposition rates-see Experimental Methods section). The upper 5 nm of the Ti 
modified samples contain 20 % TiO2. The mixed oxide layers were obtained by simultaneous co-
sputtering of Mn and Ti targets. We anticipate that this should form a mixed film with high dispersion 
of Ti in MnO2. Although we cannot rule out phase separation, we find this possibility unlikely, given 
that the mobility of the material would be low at the deposition temperature of 200 ᵒC. Figure 5a 
shows a schematic of the prepared thin films. The procedure we employ is based on our earlier study 
where we tested the activity and stability of pure oxides.[32]  
Grazing Angle X-Ray Diffraction, GA-XRD, and X-ray Photoelectron Spectroscopy, XPS, were used to 
establish the structure and composition. From GA-XRD, no peaks were found, indicating that the films 
are highly disordered and possibly amorphous (Figure S1). However, from XPS analysis the oxidation 
state of the Mn was consistent with MnO2 spectra in literature. The XPS spectra of the Mn3s and 
Mn2p½ can be seen in Figure S2a and b, and the analysis of the oxidation state is based on the 
multiplet splitting of the Mn3s and the distance for the satellite feature of the Mn 2p½.[73,74] 
Furthermore, the ratio Mn:Ti in the surface was found to be 80:20, based on the Mn2p and Ti2p 
(Figure S2c) peaks, which is in good agreement with the measured deposition rates. 
The samples were also characterized with Scanning Electron Microscopy, SEM, in order to elucidate 
surface morphology and possible surface changes from electrochemical testing. In Figure 4a 
micrographs of as prepared MnO2 film can be seen, indicating that the surface consists of densely 
packed structures with a size range of 10-20 nm. In Figure 4b a MnO2 film after electrochemical test is 
shown, which besides appearing slightly less dense, looks very similar to the as prepared sample. In 
Figure 4c and 4d the surfaces of two Ti-MnO2 films are shown, one as prepared and one after 
electrochemical test respectively. These two films look exactly like the pure MnO2 counterparts and 
we therefore conclude that no significant reconstruction is taking place for the two types of thin films 
during the stability tests and that the introduced Ti is not changing the overall morphology.  
 
 Figure 4. SEM images showing the surface morphology of the samples. a) A pure MnO2 film as 
prepared. b) A pure MnO2 after electrochemical testing at both 1.8 and 1.9 VRHE. c) Ti-MnO2 
film as prepared. d) Ti-MnO2 film after electrochemical testing at both 1.8 and 1.9 VRHE. Each 
graph has a scale bar indicated in the bottom. All four images were acquired with an 
acceleration voltage of 3 kV.   
We previously reported the catalytic activity of the pure MnO2 films in 1 M KOH;[32] which we found to 
exhibit comparable activity to the best performing manganese-based OER catalysts reported in 
literature.[34,42,46,75,76] Several manganese-based catalysts were recently compared by Gorlin et al. on 
the basis of turnover frequencies (TOF), which were in the order of 0.002 to 0.006 s-1 at an 
overpotential of 0.4 V.[77] In comparison, the MnO2 reported here exhibit an initial 𝑇𝑇𝑂𝑂𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚 of 0.007 s
-1 
when using the same normalization procedure (see Supporting Information for details). Figure 5b 
shows the initial activity of the unmodified MnO2 thin film, tested in 1M KOH and 0.05 M H2SO4.  
 Figure 5. a) A schematic showing the layered thin film structure, deposited onto a gold-coated 
quartz crystal oscillator. The thicknesses shown are based on deposition rates measured with 
an in-chamber QCM. For the unmodified MnO2 samples the thin film structure is the same 
except for the top layer being without Ti, making it 40 nm thick MnO2. b) Initial OER activity of 
the MnO2 thin films measured with a RDE setup. The activity of the unmodified MnO2 
measured in 1M KOH solution and in 0.05 M H2SO4 are shown in green and blue, respectively; 
while the Ti modified MnO2 is shown in red. A pure TiO2 film was measured, as is shown in 
purple. The results shown here are the first scan to anodic potentials, the rotation speed was 
1600 RPM and scan rate 5 mV/s. In the inset, the Tafel plots of the unmodified films in alkaline 
and acid media are illustrated. 
It is striking that the OER activity in acid media drops by a factor of two relative to alkaline, to a 
𝑇𝑇𝑂𝑂𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚 of 0.0035 ± 0.001 s
-1 at 0.4 V overpotential. There is also a difference in Tafel slope, from 70 
mV/dec in 1 M KOH to 170 mV/dec in 0.05 M H2SO4. This Tafel slope is nonetheless considerably 
lower (i.e. steeper) than reported in recent literature in acid.[35,36] Moreover, to the best of our 
knowledge the activity we report is the highest reported for a non-precious metal oxide in acid on a 
𝑇𝑇𝑂𝑂𝑂𝑂 basis; see Figure 1 for direct comparison to literature references.  The figure also shows that the 
MnO2 has a turnover frequency only 20-40 times lower than the state-of-the-art RuO2 thin film. 
The samples were tested at constant potential for two hours at 1.8 VRHE and subsequently at 1.9 VRHE. 
Before and after each potential step, aliquots of electrolyte were sampled for ICP-MS analysis. To 
compare the activity of modified and unmodified MnO2, we used the current obtained after one hour 
at constant potential. It is critical for the stabilization strategy that the OER activity of the modified 
catalyst does not decrease significantly. The activity of the catalysts supported on the gold-coated 
quartz crystal microbalances is plotted on Figure 6a. The TiO2-modified samples exhibit an 11% lower 
current density at 1.9 VRHE. This is less than expected from the 20 % TiO2 content. Over time, the loss 
of Mn could lead to an enrichment of Ti in the surface, which would be detrimental to the activity. We 
ruled out this possibility, by measuring the Mn:Ti ratio of a tested sample with XPS, which again 
showed about 20 % of Ti at the surface, see Figure S2d. Since the ratio between Mn and Ti, for the 1 
nm depth probed by XPS, is constant throughout the test it is likely that the role of the Ti is to block 
dissolution only when located at the undercoordinated sites. Figure 6b shows the corresponding mass 
losses of manganese evaluated with ICP-MS; at 1.9 VRHE the TiO2 addition leads to 40 % lower losses. 
This value is four times as high as the loss in OER current, indicating that a better compromise 
between activity and stability can be achieved by modifying MnO2 with TiO2. It should also be noted 
that RuO2 thin films prepared and characterized with the same methods exhibit mass losses that are 
roughly six times higher than MnO2 at 1.8 VRHE.[32] The findings for EQCM substrates were further 
validated by RDE tests, combined with ICP analysis, of the catalyst films supported on polycrystalline 
gold disks, see Supporting Information.  
 
Figure 6. a) OER current after 1-hour of the chronoamperometry tests at 1.8 and 1.9 VRHE. b) 
Mass loss for MnO2 and TiO2-modified MnO2 based on ICP-MS analysis. The amount of Mn 
measured in the electrolyte is then corrected for volume of electrolyte and converted into 
corresponding MnO2 weight. Blue bars show the MnO2 while the red bars show TiO2-modified 
MnO2. Both the currents and mass losses shown are averages for three independent 
measurements with the EQCM setup and the error bars are ±1 standard deviation.  
Time resolved measurements of the corrosion were obtained with the electrochemical quartz crystal 
microbalances when the catalyst was subjected to the testing procedure described above. The time 
resolved change in mass can be seen in Figure 7. The mass losses during the first 20 minutes are 
similar between the pure MnO2 and the Ti-MnO2. However, the slope progressively diverges between 
the two samples: by the last 20 minutes of the experiment, the slope of the Ti-MnO2 is 40% less steep 
than the MnO2 sample, indicating a lower rate of mass loss. In other words; since the slopes are 
significantly different toward the end of the test, it indicates that fewer undercoordinated sites are 
now available for MnO4- formation. It is likely that at the beginning, a small fraction of the 
undercoordinated sites have not been successfully covered with TiO2, therefore, MnO2 can corrode 
away until a front of TiO2 is reached. If it was the case that TiO2 simply prevent the electrolyte from 
being in contact with the MnO2, then the oxygen evolution activity would decrease by the same 
proportion as the corrosion rate.  However, this is not the case, as we see a 40 % lower mass losses, 
but only 10 % lower OER current. These results substantiate the notion that the TiO2 can stabilize 
MnO2. 
  
Figure 7. Change in mass during the experiment based on the resonant frequency of the 
quartz oscillator. The frequency measurements have been converted into mass changes using 
the Sauerbrey equation.[78] The blue line shows the MnO2 while the red line shows the TiO2-
modified MnO2. The graphs are based on averaging the results for three independent 
measurements and points are taken for each 20 minutes passed. The error bars are evaluated 
at each 20-minute point, representing ±1 standard deviation, and are shown as faded areas 
following the lines. 
3. Discussion 
Our experimental results confirm the theoretical prediction that Ti can stabilize MnO2 based catalysts 
under OER conditions. We note that there are significant differences between the experiments and 
the DFT model. In the modelled structures, Ti is confined to the surface, whereas Ti is also in the bulk 
of our thin films. Even so, we anticipate that upon application of anodic potentials, in acid, the local 
surface configuration would resemble the modelled structure: surface MnO2 would corrode until it 
reaches a front consisting of undercoordinated TiO2; this, in turn, would provide kinetic stability 
against further dissolution of MnO2 from the terraces. Such an oxide would be somewhat analogous 
to the acid-leached, dealloyed “Pt-skeleton” type structures formed on the bimetallic Pt-alloy 
catalysts used for oxygen reduction.[79–82]  
We have used the mass losses to predict the lifetime of the thin film catalysts.[32] Here we will assume 
the 40 nm thin films to have the bulk density of rutile MnO2. At 1.8 VRHE, pure MnO2 can then be 
expected to last 140 hours, a relatively long time when compared to a 40 nm RuO2 film which can last 
for 29 hours at the same potential. With the Ti modification the predicted lifetime increases to 265 
hours at 1.8 VRHE. At 1.9 VRHE with increased driving force towards MnO4- formation, the lifetimes are 
shorter; 28 hours for the pure MnO2 and 47 hours after Ti modification. The stabilization method 
needs to further optimized before practical deployment of this catalyst in electrolysers.  
In order to realize a more stable structure on the basis of the concept we propose, the, TiO2 would 
need to be added in a highly controlled fashion, only blocking the under-coordinated sites. This 
would, in principle, lead to more a pronounced stabilization. Such a structure could be established by 
developing appropriate annealing treatments to the catalyst,[83] and by optimizing the Ti:Mn ratio 
during deposition. 
The next step would be to characterize the Ti-MnO2 layer with microscopic techniques such as 
Transmission Electron Microscopy and Scanning Tunneling Microscopy, with a focus on identifying the 
exact location of Ti in the MnO2 structure. It would be of great interest to combine a very accurate 
characterisation with optimization of the deposition technique. To that end, STM studies of the 
surface while depositing low amounts of Ti would be particularly fruitful.[84,85] These studies are 
outside the scope of the current study, where we develop and experimentally prove a key concept for 
stabilizing non-precious metal oxygen evolution catalysts. 
The activity of the catalyst could, in principle, be improved beyond what we reported herein. For 
instance, in alkaline solution, when the surface of MnOx is in intimate contact with Au, its activity is 
increased by an order of magnitude.[75,77,86,87] Should this phenomenon be exploited in acid, ideally 
using an element more abundant than Au, it would boost the efficiency of electrolysis with Mn-based 
catalysts.  
4. Conclusion 
The search for non-precious OER catalysts for acidic media calls for new strategies for stabilizing oxide 
surfaces, without compromising catalytic activity. Herein, we demonstrate such a strategy, by 
selectively terminating under-coordinated sites on MnO2. Using DFT-based simulations, we showed 
that the termination energy correlates with the surface formation energy of the guest oxides in their 
pure form. Consequently, the termination of under-coordinated sites on MnO2 is favorable for guest 
oxides with lower surface formation energies than MnO2. Our calculations predicted that GeO2- and 
TiO2-terminated MnO2 should improve the stability of MnO2. 
Based on this theoretical insight, we tested the OER activity and stability of sputter-deposited thin 
films of pure MnO2 and Ti-MnO2 in 0.05 M H2SO4. The thin films exhibit unprecedented activity for 
non-noble metal oxides in acidic solution. Using ICP-MS and EQCM measurements, we showed that 
the mass losses could be moderately decreased by incorporating Ti into the catalyst, with only a small 
drop in catalytic activity towards OER. Therefore, the experimental results shown here support the 
DFT-based model, which suggested that a more optimal balance between stability and activity could 
be achieved by engineering the surface properties of MnO2. This approach is general, and could be 
used to stabilize all kinds of catalysts, including metals, against corrosion in electrochemical devices. 
Further development of this work could lead to stable, active and abundant materials to catalyze 
oxygen evolution in PEM electrolysers and photoelectrolysers for water splitting.  
5. Experimental Section 
Computational details 
The calculations in this work are done with the GPAW code and the revised Perdew-Burke-Ernzerhof 
exchange and correlation approximation.[61,88,89] Optimal positions for the termination atoms were 
found by relaxing structures with a Broyden-Fletcher-Goldfarb-Shanno algorithm until a maximum 
force of 0.05 eV/Å was obtained. All systems were optimized with (4,4,6) Monkhorst-Pack type k-
points sampling and the effect of grid spacing converged at 0.15 Å. Between slabs 10 Å of vacuum was 
introduced in the z direction while in x and y the slab could be repeated. Periodic boundary conditions 
have been implemented throughout. Four kinds of rutile MnO2 systems were investigated. A bulk 
MnO2 slab (2x2x1 repeated unit cells), a flat (110) MnO2 surface (4 layers in z-direction, 4 surface 
metal atoms), a stepped (120) MnO2 surface (tilted (110) surface) and a (120) MnO2 surface with 
introduced kinks. MnO2 lattice constants were optimized in this setup to be a=4.499 Å and c=2.909 Å. 
For the surface structures, the bottom layer was fixed in order to have a bulk structure unaffected by 
surface changes. Notably, the termination energies are not calculated as Gibbs free energies with 
entropy contributions, since the comparison is between solid states only and no chemical reactions 
are modeled. Furthermore, on a rutile (110) surface, two different metal sites will be present, one 
being the coordinately unsaturated site (CUS) and the other the Bridge site, see Figure 1a.[14] We 
modelled steps and kinks as CUS and Bridge and found that the overall trend remained the same so 
the results shown here are for the Bridge terminated structures. All the calculated values are listed in 
Table S1.  
Sample preparation 
We prepared thin film samples of MnO2 and TiO2-modified MnO2 using reactive sputter deposition.[32] 
For the unmodified samples, 40 nm thick films (nominally) of MnO2 were deposited onto the 
substrates using a power of 140 W in a 5 mTorr Ar/O2 mixture with a ratio of 5/1. For the TiO2 
modified samples, a 35 nm MnO2 film was grown first, onto which a 5 nm thick mixed oxide layer was 
added. The mixed layer was prepared by co-sputtering manganese and titanium and the rates were 
calibrated with an in-chamber Quartz Crystal Microbalance. The power used for manganese was kept 
at 140 W while titanium was sputtered at 150 W. According to the calibration performed with an in-
chamber QCM, the TiO2 rate was 20 % of the total deposition rate. All depositions were carried out 
with a substrate temperature of 200 ⁰C. Prior to deposition, the EQCM crystals were cleaned in an 
ultrasonic bath first in acetone, then isopropanol and finally Millipore water (18.2 MΩ). The gold 
polycrystalline disks were polished with a 0.25 µm diamond paste, sonicated in isopropanol and 
water, then plasma cleaned and annealed to 700 ⁰C in two consecutive cycles. After electrochemical 
tests, the remaining MnO2 film was removed by scanning the working electrode towards 0 VRHE.  
The Electrochemical Quartz Crystal Microbalance crystals were purchased from Stanford Research 
Systems and the gold polycrystalline disks from Pine Instruments. The electrochemically active area 
on the EQCM samples is nominally 1.37 cm2 but only 0.38 cm2 in the center is sensitive to the 
frequency measurement. Therefore, we applied a mask of TiO2 on the non-sensitive area and 
deposited the MnO2 catalyst in the sensitive area only. Frequency measurements have been 
converted to mass changes by using the Sauerbrey equation.[32,78] 
Electrochemical tests 
The samples were tested in 0.05 M H2SO4, Merck Suprapur. In the BioLogic software package, EC-Lab, 
a test protocol was designed including the following procedure: the electrode is inserted under 
potential control at 1.4 VRHE, cyclic voltammetry (CV) is performed to evaluate activity, 
electrochemical impedance spectroscopy (EIS) is used to evaluate the Ohmic losses, the Ohmic drop is 
compensated at 85 %, the electrode is held at 1.4 V vs RHE to stabilize, chronoamperometry is 
performed (CA) at 1.8 V vs. RHE and finally CA is performed at 1.9 V vs. RHE. The electrochemical tests 
in acid took place in a glass cell with an Hg/HgSO4 reference electrode and a carbon counter 
electrode. Nitrogen gas was bubbled into the electrolyte throughout the experiments. The reference 
electrode potential was measured against a reversible hydrogen electrode (RHE) in the same 
electrolyte solution using a Pt mesh and bubbling hydrogen. The data is presented using the RHE scale 
and corrected for Ohmic losses, measured with electrochemical impedance spectroscopy (EIS) in the 
range of 1-200000 Hz at a DC potential of 10 mV.[90] The Ohmic drop for the Rotating Disk Electrode 
tests was in the order of 30-40 Ω and for the EQCM tests 20-25 Ω.  
Characterization Methods 
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) measurements were conducted with a 
Thermo Fischer Scientific iCAP-QC. Samples of the electrolyte solution were taken out prior to and 
after each chronoamperometry experiment using a pipette. For quantitative analysis, the signal of Mn 
was calibrated standard solutions bought from SCP Science. The calibrations were made with pure 
0.05 M H2SO4, 1 µg/L and 10 µg/L, matching the range of concentrations of Mn found after stability 
tests. The volume of electrolyte used was measured after each test in order to report absolute mass 
losses. The volume varied from 267 to 324 ml for the EQCM tests and from 121 to 152 ml for the RDE 
tests. It should also be noted that the amount of Mn found from ICP-MS in the electrolyte is 
converted to MnO2 mass to ease the comparison to EQCM results. 
The modified and unmodified MnO2 films were characterized with X-ray Photoelectron Spectroscopy 
(XPS) using a Theta Probe instrument (Thermo Fischer Scientific). The base pressure was 5 x 10-10 
mbar and the X-ray source monochromatized AlKα (1486.7 eV). Glancing Angle X-ray Diffraction 
analysis was acquired with a PANanalytical X’pert PRO equipment having an X-ray wavelength of 1.54 
Å for the CuKα line.  
Scanning Electron Microscopy analyses were carried out on a FEI Helios EBS3 Microscope at DTU 
Center for Electron Nanoscopy. All images were acquired in Secondary Electrons mode with an 
acceleration voltage of 3 kV and a current of 0.17 nA.  
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Glancing Angle X-ray Diffraction of MnOx catalyst 
X-ray diffraction was performed on a PANalytical X’PERT Pro equipment, using the Cukα line of 1.54 Å 
wavelength. To maximize the surface to bulk signal we used the glancing angle mode at 0.5 ⁰ which still did not 
result in any peaks coming from MnO2 or other crystalline Mn oxide phases.  
 
Figure S1. X-ray diffraction results for the MnO2 film prepared by reactive sputter deposition at 200 C in 5 
mTorr Ar:O2, ratio 5:1. No peaks are coming from the films indicating an amorphous phase. 
X-ray Photoelectron Spectroscopy 
X-ray Photoelectron Spectroscopy measurements were carried out to estimate the oxide stoichiometry for the 
MnOx catalyst and to confirm the Mn:Ti ratio. In Figure S2a the Mn3s spectra can be seen for a Ti-MnO2 
catalyst, together with the energy difference for the Mn3s multiplet, 4.7 eV. In Figure S2b the Mn2p peak for 
the same sample is shown, with indication of the energy difference between the Mn2p½ and its satellite. These 
two energy differences are consistent with MnO2 spectra in the literature.[1,2] In Figure S2c the Ti2p peak is 
shown for a Ti-MnO2 sample as prepared and in Figure S2d for a tested Ti-MnO2 sample. These spectra were 
used to evaluate the Mn:Ti ratio which was found to be 80:20 both before and after the stability tests 
described in the main text.  
     
     
Figure S2. a) Mn3s spectrum where the distance for the multiplet is indicated. b) Mn2p spectrum where the 
distance for the Mn2p½ satellite is indicated. c) Ti2p spectrum used for evaluation of the Mn:Ti ratio. d) Ti2p 
spectrum for a sample tested two hours both at 1.8 VRHE and 2 hours at 1.9 VRHE. 
Activity over time for EQCM experiments 
 
Figure S3. Chronoamperometry results for the MnO2 and Ti-MnO2 catalysts tested in 0.05 M H2SO4 at 1.9 
VRHE. 85 % ohmic drop compensation was applied.  
ICP-MS results for RDE experiments 
To support the tests done with the EQCM system, we also performed Rotating Disk Electrode, RDE, 
experiments with the same catalyst films supported by gold polycrystalline disks. The test conditions were 
nominally the same as for the EQCM measurements; 0.05 M H2SO4, 2 hours at 1.8 and 1.9 VRHE; aliquots of 
electrolyte were taken before and after each test. Furthermore, for the RDE tests, a rotation speed of 1600 
RPM was used. The results can be seen in Figure S4a and S4b. After one hour 1t 1.9 V, the Ti-MnO2 sample has 
a current density 30 % lower current density than MnO2. However, there decrease in mass loss of 60 %. These 
results again support the finding that a better compromise between stability and activity can be obtained by 
the incorporation of Ti into MnO2.   
        
Figure S4. a) The activity of MnO2 and Ti-MnO2 after one hour at each potential, measured with an RDE 
setup. b) The mass losses for MnO2 and Ti-MnO2 after 2 hours at each potential, evaluated with ICP-MS. 
The error bars shown here are ±1 standard deviation from three independent measurements.  
Calculations of Turnover Frequencies (TOF) 
We compare the activities of literature references on the basis of turnover frequency. The definition we will 
use is the number of O2 molecules produced per Mn atom per second. Due to the differences in catalyst 
loading it is challenging to find meaningful ways of normalization; and therefore an upper and lower limit will 
be presented.  
The upper limit, TOFmax, constitutes the case where the surface is perfectly smooth and only surface atoms 
take part in the reaction. With this assumption, the number of Mn atoms per cm2 is the same for all references 
and the geometric current density can be used directly to obtain the TOFmax by multiplying jgeo with 1.545 
𝑐𝑐𝑚𝑚2
𝑠𝑠 𝑚𝑚𝑚𝑚.  
For the lower limit, TOFmin, we instead assume that all the Mn atoms within the bulk of the electrode are 
available for the reaction: 
TOFmin = 𝑗𝑗(𝐶𝐶 ∙ 𝑠𝑠−1) ∙ 𝑀𝑀𝑀𝑀𝑚𝑚𝑂𝑂2(𝑔𝑔 ∙ 𝑚𝑚𝑚𝑚𝑙𝑙−1)4(𝑒𝑒) ∙ 𝑁𝑁𝑚𝑚(𝑚𝑚𝑚𝑚𝑙𝑙−1) ∙ 1.602 ∙ 10−19(𝐶𝐶 ∙ 𝑒𝑒−1) ∙ 𝑉𝑉𝑓𝑓𝑚𝑚𝑓𝑓𝑚𝑚(𝑐𝑐𝑚𝑚3) ∙ 𝜌𝜌𝑀𝑀𝑚𝑚𝑂𝑂2(𝑔𝑔 ∙ 𝑐𝑐𝑚𝑚−3) 
Where 𝑗𝑗 is the absolute current drawn, 𝑀𝑀𝑀𝑀𝑚𝑚𝑂𝑂2 the molar mass of MnO2, 𝑁𝑁𝑚𝑚 the Avogadro’s constant, 𝑉𝑉𝑓𝑓𝑚𝑚𝑓𝑓𝑚𝑚 the 
volume of catalyst used and 𝜌𝜌𝑀𝑀𝑚𝑚𝑂𝑂2  the density of MnO2.  
As this equation indicates, we assume the thin films reported in the current paper to have the density and 
molar mass of rutile MnO2. While it is amorphous, the XPS results are consistent with a dioxide stoichiometry. 
Other possible oxide stoichiometries include MnO, Mn3O4 and Mn2O3. Using the densities and molar weights of 
these compounds leads to a maximum error of around 50 %.  
The TOF for literature references has been calculated based on the information given below:  
β-MnO2 - α-Mn2O3/Morita[3] 
From the description of the electrode preparation 10-5 moles/cm2 Mn is loaded onto the substrate by thermal 
decomposition of a nitrate precursor. Activity data is taken from figure 2 in [3] where Pt is used as substrate and 
the catalyst is tested in 1N H2SO4 by anodic polarization. The original potential scale used is Hg/HgSO4 in 1N 
H2SO4. In order to show the data using the RHE scale the standard redox potential of 0.674 V vs. RHE has been 
added. This results in a TOFmin of 0.00026 s-1 per mA/cm2.  
Ca0.16Mn2(H2O)2/Najafpour[4] 
The authors report dropcasting a solution consisting of 2.5 mg catalyst in 750 ml water with Nafion. 40 µl of 
this solution is used for a 3 mm Glassy Carbon electrode. Prior to drop casting, the solution is sonicated to give 
a good dispersion and this should give 1.89 mg/cm2 of the Ca0.16Mn2(H2O)2 catalyst powder. The number of Mn 
atoms was then estimated by assuming a molar weight of 152.4 g/mol. These assumptions lead to a TOFmin of 
0.0001 s-1 per mA/cm2. Activity data was digitized from Figure 7 in [4] where the catalyst is tested in 0.1 M HClO4 
with a linear sweep. 
 
 
Electrodeposited MnO2/Huynh et al.[5] 
The amount of catalyst loaded onto 1 cm2 of substrate was estimated from the reported deposition charge. 
The standard amount encompassed 6 mC of charge. From [6] the overall deposition reaction is described with 
two electrons per MnO2 unit. Using this assumption a TOFmin of 0.0833 s-1 per mA/cm2 can be estimated. The 
activity results used for comparison is taken from Figure 1 in [5] where the catalyst was measured at steady 
state (60-90 seconds at each potential) in diluted phosphoric acid mixed with KNO3 and KOH (pH 2.5).  
δ-MnO2/Takashima[7] 
The electrodes in this work were prepared by spray deposition using a 0.5 mM colloidal solution of δ-MnO2. In 
total, 6 ml of this solution was sprayed onto a 3x3 cm FTO substrate resulting in a loading of 3.33 x 10-7 
mol/cm2. Assuming that this quantity is representative for Mn atoms the TOFmin is 0.0077 s-1 per mA/cm2. 
Activity data is taken from figure 6a in [7] where the catalyst is tested with cyclic voltammetry in aqueous 
Na2SO4 mixed with H2SO4 and NaOH resulting in a pH of 4. The original data is shown on an SHE scale. In order 
to compare on the RHE scale, we have converted it by adding 59 mV per pH value. 
These estimations are summarized in Figure 1. Morita et al. prepared their catalyst using thermal 
decomposition[3], a method typically resulting in surfaces with a very high roughness.[8]  Consequently, the 
actual TOF for the catalyst reported by Morita et al. would likely be orders of magnitude lower than the TOFmax; on this basis our thin film catalyst is the most active.  
DFT calculations on bulk and planar MnO2 
The mixing of Ti or Ir into the bulk of rutile MnO2 was investigated by evaluating 3 concentrations, 25, 50 and 
75 %. The calculation parameters used are as described in the main text. The stabilities of the mixed oxides are 
evaluated similarly to the termination energy: 
∆𝐸𝐸𝑏𝑏𝑏𝑏𝑓𝑓𝑏𝑏 𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐸𝐸𝑟𝑟𝑟𝑟𝑓𝑓 − (𝑥𝑥 ∙ 𝐸𝐸𝑏𝑏𝑚𝑚𝑚𝑚𝑢𝑢,𝑔𝑔𝑏𝑏𝑟𝑟𝑠𝑠𝑢𝑢 − 𝑥𝑥 ∙ 𝐸𝐸𝑏𝑏𝑚𝑚𝑚𝑚𝑢𝑢,𝑟𝑟𝑟𝑟𝑓𝑓) 
Here ∆𝐸𝐸𝑏𝑏𝑏𝑏𝑓𝑓𝑏𝑏 𝑚𝑚𝑚𝑚𝑚𝑚  is the energy of formation for the mixed oxide, 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚  the total energy of the mixed structure, 
𝐸𝐸𝑟𝑟𝑟𝑟𝑓𝑓 the energy of the original MnO2 structure, 𝐸𝐸𝑏𝑏𝑚𝑚𝑚𝑚𝑢𝑢,𝑔𝑔𝑏𝑏𝑟𝑟𝑠𝑠𝑢𝑢  the energy of a unit cell of the guest material, 
𝐸𝐸𝑏𝑏𝑚𝑚𝑚𝑚𝑢𝑢,𝑀𝑀𝑚𝑚𝑂𝑂2 the energy of a unit cell of the MnO2 and 𝑥𝑥 the amount of substituted atoms, which is substituted. 
Surface incorporation was also investigated for 25 and 50 % surface sites substituted. It is seen in Table S1 that 
none of the concentrations results in negative energy of formation for bulk mixtures or surface incorporation. 
This is also consistent with results from the materials project database where the only stable mixed oxide with 
Mn and Ti is a perovskite type, TiMnO3, while for Mn and Ir no stable mixed oxide are found.[9,10] 
Calculated values 
The values calculated with DFT can be seen below in Table S1.  
Termination 
material 
Step 
termination 
[eV/MO2] 
Kink 
termination 
[eV/MO2] 
Bulk mixing 
Mn0.75X0.25O2 
[eV/MO2] 
Surface 
Mn0.75X0.25O2 
 [eV/MO2] 
Lattice 
parameter 
a [Å] 
Lattice 
parameter 
c [Å] 
MnO2 - - - - 4,499 2,902 
TiO2 -0.23 -0.35 0.01 0.1 4,708 2,958 
GeO2 -0.21    4,500 2,932 
SnO2 0.54  0.2 0.1 4,852 3,265 
PtO2 0.37  0.1 0 4,725 3,182 
RuO2 0.41  0.04 0 4,662 3,185 
IrO2 0.82 0.13 0.1 0.1 4,658 3,166 
References 
[1] V. Di Castro, G. Polzonetti, J. Electron Spectros. Relat. Phenomena 1989, 48, 117. 
[2] Y. Gorlin, T. F. Jaramillo, J. Am. Chem. Soc. 2010, 132, 13612. 
[3] M. Morita, C. Iwakura, H. Tamura, Electrochim. Acta 1977, 22, 325. 
[4] M. M. Najafpour, K. C. Leonard, F.-R. F. Fan, M. A. Tabrizi, A. J. Bard, C. K. King’ondu, S. L. Suib, B. Haghighi, S. I. 
Allakhverdiev, Dalton Trans. 2013, 42, 5085. 
[5] M. Huynh, D. Bediako, D. Nocera, J. Am. Chem. Soc. 2014, 136, 6002. 
[6] M. Huynh, D. K. Bediako, Y. Liu, D. G. Nocera, J. Phys. Chem. C 2014, 118, 17142. 
[7] T. Takashima, K. Hashimoto, R. Nakamura, J. Am. Chem. Soc. 2011, 134, 1519. 
[8] G. Lodi, E. Sivieri, A. De Battisti, S. Trasatti, J. Appl. Electrochem. 1978, 8, 135. 
[9] G. Bergerhoff, R. Hundt, R. Sievers, I. D. Brown, J. Chem. Inf. Model. 1983, 23, 66. 
[10] A. Jain, S. P. Ong, G. Hautier, W. Chen, W. D. Richards, S. Dacek, S. Cholia, D. Gunter, D. Skinner, G. Ceder, K. a. 
Persson, APL Mater. 2013, 1, DOI 10.1063/1.4812323.  
196 BIBLIOGRAPHY
Paper IV
In-situ investigation of Au-MnOx thin ﬁlms with improved activity
for the oxygen evolution reaction
Rasmus Frydendal, Linsey Seitz, Dimosthenis Sokaras, Tsu-Chien Weng, Den-
nis Nordlund, Ib Chorkendorﬀ, Ifan E.L. Stephens, Thomas F. Jaramillo
In preparation
BIBLIOGRAPHY 197
  Draft version  DRAFT In-situ investigation of Au-MnOx thin films with improved activity for the oxygen evolution reaction 
Rasmus Frydendal,a Linsey Seitz,b Dimosthenis Sokaras,c Tsu-Chien Weng,c Dennis Nordlund,c Ib Chorkendorff,a 
Ifan E.L. Stephens, a Thomas F. Jaramillo,b,c 
a Center for Individual Nanoparticle Functionality, Department of Physics, Building 312, Technical University of 
Denmark, DK-2800 Kgs. Lyngby, Denmark 
b Department of Chemical Engineering, Stanford University, Stanford, California 94305, United States 
c SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, United States 
Abstract 
The electrochemical splitting of water holds great potential as a method for producing clean fuels by storing 
electricity from intermittent energy sources. The efficiency of such a process would be greatly facilitated by 
incorporating more active catalysts based on abundant materials for the oxygen evolution reaction. 
Manganese oxides are promising as catalysts for this reaction. Recent reports show that their activity can be 
drastically enhanced when modified with gold. Herein, we investigate highly active mixed Au-MnOx thin films 
for the oxygen evolution reaction, which perform more than five times better than the pure MnOx. These films 
are thoroughly characterized with in-situ X-ray Absorption, which reveal that Mn assumes a higher oxidation 
state under reaction conditions when Au is present. At the same time, the magnitude of the enhancement is 
correlated to the size of the Au domains where larger domains are the most beneficial. These observations 
serve as a solid starting point for better understanding of the beneficial interaction between gold and 
manganese oxide. 
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1. Introduction 
The electrolytic production of synthetic fuels provide a promising means to average fluctuant energy supply 
from renewable sources. It is evident that the water oxidation reaction, known as oxygen evolution, is set to 
play a key role in such transformations.1–4 Whether the goal is to produce pure hydrogen, reduce CO2 to 
hydrocarbons or upgrade biomass it is crucial to find a suitable source of hydrogen. For this purpose, water is 
ideal due to its abundance and the relative ease of water splitting, which leaves no harmful byproducts. 
However, the electrochemical evolution of oxygen, OER, imposes a large overpotential, due to sluggish kinetics 
at the electrode.5–7 More specifically, the difficulties in catalyzing the reaction arise from non-optimal binding 
energies to the three reaction intermediates, even on the most active catalysts.5,8–10 This is because the binding 
to  the reaction intermediates, *O, *OH and *OOH, correlate linearly with each other: their relationships to 
each other are known as the scaling relations. For all surfaces which obey scaling relations, no catalyst will 
exhibit optimal binding to all three intermediate. For this reason, there is a need for novel strategies that 
circumvent the scaling relations and lead to catalytic surfaces with lower overpotential.11 
A possible strategy for improving catalyst properties is to modify a catalytic surface with another material. 
There are several examples in the literature where such mixtures have been successful in achieving improved 
performance. In acidic media ruthenium oxides mixed with either Ni or Co has been reported to be more active 
than the pure oxide.12–15 Recently, Ti has also been shown to stabilize MnO2 thin films against anodic 
dissolution in acidic media.16 In alkaline media Ni and Fe based oxides are currently utilized in commercialized 
electrolyser systems and combinations of the two elements have been shown to increase activity 
significantly.17–19 Furthermore, Mn and Co based oxygen evolution catalysts have shown good performance in 
alkaline environment and various strategies have been proposed to improve the activities.20–28 Interestingly, 
the presence of metallic particles or support has a profound influence on the activity of both Mn and Co based 
oxide catalysts.29–35 Mn nanoparticles deposited above or below gold clusters can lead to a 20-fold increase in 
turnover frequency.29 A possible explanation for the beneficial interaction was later proposed by two of the 
authors of the current manuscript on the basis of stabilized *OOH adsorption on neighboring Mn and Au sites, 
due to a proton transfer mechanism.30 Kuo et al. experimentally investigated the role of gold nanoparticles for 
five different MnOx polymorphs: they argued that the increase in OER activity could be correlated to facile 
formation of active Mn3+ sites in the presence of gold.33 This conclusion was reached primarily from ex-situ X-
ray Absorption Near Edge Spectroscopy, XANES, which indicated a lower oxidation state of Mn sites when 
combined with gold nanoparticles. However, judging from stability regions of the Mn-O system in aqueous 
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environment it seems unlikely that a high concentration of Mn3+ should be present at the surface while turning 
over oxygen.36,37  
In the present study, we will characterize the behavior of MnOx in situ under oxygen evolution conditions, using 
XANES to measure the Mn K-edge. To achieve a high concentration of Mn/Au neighbors the samples 
investigated are co-sputtered thin films.  
2. Experimental details 
Thin films of MnOx and Au-MnOx, with a nominal thickness of 40 nm, were prepared with reactive sputter 
deposition using a method previously reported.38 The amount of material deposited was controlled by an in-
chamber Quartz Crystal Microbalance, with which the deposition rates of both Mn and Au were calibrated. Mn 
was deposited with 140 W and Au with power dependent on the desired concentration (30 or 50 %). The 
deposition pressure was kept at 5 mTorr consisting of Ar and O2 in a 25/3 ratio and the substrate temperature 
was 200 ᵒC. Glassy carbon disks or wafers were used as substrates (Sigradur G, HTW GmbH), both polished to a 
mirror finish. To facilitate film adhesion, the glassy carbon substrates were cleaned with radio frequency (RF) 
sputtering in an argon atmosphere for 10 minutes prior to deposition. The glassy carbon wafer preparation has 
been reported previously.29  They were prepared to be 100-200 µm thick from GC rods and polished to an RMS 
roughness of less than 50 nm.  
Tests of activity towards oxygen evolution were performed in a standard three electrode glass cell using 1 M 
KOH. A carbon rod was used as counter electrode and a Hg/HgO electrode as reference. The reference 
electrode potential was calibrated with a reversible hydrogen electrode (RHE) in the same electrolyte by 
bubbling hydrogen over a platinum mesh. All potentials are reported with respect to the RHE scale and have 
been corrected for Ohmic losses, evaluated with Electrochemical Impedance Spectroscopy; range 1-200000 Hz 
and DC potential 10 mV. The Ohmic resistance was between 5-9 Ω for all samples. 
Ex-situ characterisation of the thin films was performed using X-ray Photoelectron Spectroscopy (Thermo-
Fisher, base pressure of 5 x 10-10 mbar and X-ray source monochromatized AlKα 1486.7 eV), Scanning Electron 
Microscopy (SEM, FEI, Magellan, secondary electron detector, beam voltage of 5 kV, beam current of 50 pA) 
and X-ray Diffraction (PANanalytical X’pert PRO equipment having an X-ray wavelength of 1.54 Å for the CuKα 
line).  
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In-situ XAS measurements probing the Mn K-edge were performed at the SSRL Beam-line 6-2 ES2. The 
electrochemical setup for these measurements has been reported previously.29,39 A double crystal Si(311) 
monochromator equipped with Rh-coated mirror was used to operate the beamline. Furthermore, a parabolic 
mirror was used to focus the beam to a spot size of 230x400 µm2 (FWHM) at the sample position. Six 
spherically bent analyzer crystals of germanium ‹333› resolved the MnKα signal which could then be detected 
by an Si drift detector, SDD, in photon counting mode. The spectra presented here have all been normalised to 
have an edge jump of one after the linear background is subtracted. Error bars represent ±1 standard deviation 
from Poisson statistics and standard error propagation.  
3. Results and Discussion 
To investigate the beneficial interaction between Au and Mn for oxygen evolution, thin films of MnOx mixed 
with two different amounts of gold were prepared. The mixed films contain 30 % or 50 % Au and are compared 
to pure MnOx and a polycrystalline Au surface. The percentage values are on a total metal basis, so that 30 % 
Au means that 30 % of the manganese are now replaced with Au. 
From XPS measurements the Mn 2p and Au 4d peaks were used to evaluate the Mn:Au stoichiometry. It should 
be noted that a small Cu contamination (1-3 %) was found for two samples used for electrochemical tests, but 
the activity towards OER remained the same as without contamination. See more details in supporting 
information. The XPS spectra can be seen in Supplementary Information, Figures S1-3. The Mn2p½ satellite 
distance and Mn3s multiplet splitting can also be used to evaluate the initial Mn:O stoichiometry.20,40 
Comparing the results obtained for as-prepared samples to literature references, indicates an Mn:O 
stoichiometry consistent with Mn3O4.  
The thin films were also characterized with Glancing Angle X-ray Diffraction, to investigate whether the sputter 
deposition method yields crystalline Mn oxide or Au phases. The results for pure MnOx can be seen in Figure 1a 
and the results for mixed Au-MnOx films in Figure 1b. There are nine peaks from the MnOx film matching with a 
Mn3O4 phase which is plausible from a low amount of oxygen present during deposition. Interestingly, the 
Mn3O4 peaks vanish for the mixed films where gold peaks are instead visible, for both concentrations. For 30 
and 50 % Au, four peaks can be identified which match with a gold face centered cubic (FCC) phase. These 
results clearly show that Au particles are formed. The difference between the two concentrations is the 
broadening of the peaks. Using Scherrers equation it is possible to compare the Au domain size for the two 
films based on this broadening. For 30 % Au the domains are approximately 2 nm while for 50 % Au they are 3 
4 
 
  Draft version  
nm. For details regarding domain size estimation, see supporting information. This method is not very accurate 
due to the assumptions used to derive the equation. It is also possible that microstrain in the gold domains 
could influence the peak broadening. However, the estimation here serves as a comparison between the two 
very similar films.41 The results indicate that from 30 to 50 % the Au domains within the MnOx films grow 
approximately 150 %.  
Figure 1. a) X-ray Diffraction for pure MnOx film, in purple, together with references for Mn3O4 (blue), Mn2O3 (red) and MnO2 (black). 
The peaks matching Mn3O4 lines are indicated with blue #. b) X-ray Diffraction results for Au-MnOx films, 50% Au in green and 25 % Au 
in teal. A gold reference is shown in orange. The four main peaks for Au is indicated with orange #.  
The characterization of surface morphology was performed with Scanning Electron Microscopy. From figure 1a-
c it is evident that the surface of MnOx change with increasing gold content. The pure MnOx consists of pyramid 
shaped features, whereas the mixed films exhibit roundish features. These images also indicate that the films 
with Au have a slightly more open structure which could lead to a higher surface area. 
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Figure 2. Scanning Electron Microscopy images for a) pure Mn3O4 b) MnOx with 30 % Au and c) MnOx with 50 % Au.  
The activities of these films were then characterized with cyclic voltammetry in 1 M KOH using a scan rate of 20 
mV/s. For each thin film the activity measurements were repeated three times. In Figure 2a the initial CVs can 
be seen and in Figure 2b they are compared at 400 mV overpotential with error bars.  
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Figure 3. Initial cyclic voltammetry for Mn3O4 films with 0, 30 and 50 % Au. The results were obtained for Rotating Disk 
Electrodes which were performed in 1M KOH using a scan rate 20 mV/s and a rotation speed of 1600 RPM. Inset: At each 
concentration the activities are compared at an overpotential of 400 mV. The error bars are based on three independent 
measurements and the Au concentration is evaluated with XPS. 
From the electrochemical results in Figure 3 it is clear that a significant increase in current density is obtained 
with increased concentration of Au in the MnOx films. Most striking is a 5-fold improvement in activity at 400 
mV overpotential for the MnOx with 50 % Au. When comparing the overpotential at the benchmark value of 10 
mA/cm2,42,43 the presence of Au results in a decrease in the overpotential of  65 mV.  
The gold could improve the conductivity of the MnOx film, however, the similar Tafel slopes of pure and mixed 
films indicate that differences in uncompensated Ohmic losses are not a dominant effect. Changes in the 
surface morphology could lead to a higher electrochemically accessible surface area. The pseudo capacitance 
measured electrochemically is considered proportional to the active area.43 The change in capacitance between 
pure MnOx and Au(50%)-MnOx is below a factor of two as shown in figure S2.  
With the XRD and XPS data a simple model can be made to estimate how many Mn-Au interacting sites that 
are present for the two concentrations. Here we will use domain size (2 or 3 nm) as particle size for spherical 
gold particles distributed on a flat Mn3O4 surface. If the circumferences of such particles are assumed to be 
proportional to the number of Mn-Au interacting sites, then the Au(50%)-MnOx should have less than 1.3 times 
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more than Au(30%)-MnOx. This increase in interacting sites is not enough to explain the factor three in 
difference measured in current density. For details on this model see supporting information. 
With such an improvement it is of great interest to understand the interactions between Au and MnOx under 
reaction conditions. In-situ XANES characterisation of the thin films was therefore carried out, specifically 
probing the Mn K-edge and Au LIII-edge while applying more oxidative potentials. In Figure 4a-c the Mn K-edge 
spectra are shown for each of the three Au concentrations, 0, 30 and 50 %, respectively.  
 
 
Figure 4. a) Normalised Mn K-edge results for the pure MnOx thin film. b) Normalised Mn K-edge results for the MnOx thin film 
with 30 % Au. c) Normalised Mn K-edge results for the MnOx thin film with 50 % Au. d) Moment analysis of Mn K-edge data for the 
three thin films. This method takes into account the general shift of the K-edge features in a large energy range instead of focusing 
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on a single feature. In grey, values for known references have been included for comparison. The error bar are based on varying 
the integral range in the first moment equation. 
In Figure 4a a slight change in the Mn K-edge can be observed for the gradual increase in potential. at more 
positive potentials, the overall edge shifts towards higher energies, which is consistent with a small degree of 
oxidation of the Mn atoms, as expected from applying an oxidizing potential. For the samples with Au 
incorporated, Figures 4b and c, the same overall trend can be seen; at increasing potentials the edge shifts 
towards higher energies. However, the change is significantly more drastic for the mixed films, compared to 
the pure MnOx. Two specific features should be noted. The shoulders visible around 6548 and 6552,5 eV for 
the initial measurements disappear for the films with Au, while it is still visible for pure MnOx, even at 1.65 V. 
These two shoulders are normally seen for Mn oxides in lower oxidation states, Mn2+.44,45 Another feature is 
the pre-edge located around 6540.5 eV for the dry measurements. For the pure MnOx there is little to no 
change in the pre-edge, whereas for the mixed films a very clear splitting into two peaks is seen for both 
concentrations after around 1 V. Farges attributed this pre-edge splitting, which he observed on several 
different types of Mn compounds, to oxidation states of 3+ or higher.45 However, Mn compounds with the 
same oxidation state can exhibit very different K-edge features dependent on the structure and due to the fact 
that mixed oxidation states can be present at the same time.46 To account for such a possibility, we analyze the 
overall shift of the edge using a moment method where we calculate the weighted integral of the spectrum.47 
The results of that analysis are shown in Figure 4d, where data for each of the films are included together with 
literature values for two known Mn oxidation states. Consistent with the Farges’ interpretations described 
above, this analysis shows that the incorporation of Au leads to a significant shift of the Mn K-edge towards 
higher energies. Even at the open circuit conditions a clear difference is observed between the pure MnOx and 
the mixed films. At the highest potential, 1.65 V, the mixed films have a Mn K-edge shifted 1 eV higher than the 
pure Mn3O4. It is unlikely that the Mn exists in a single oxidation state based on the data presented here. We 
emphasize, that since the Mn K-edge energies are in the hard X-ray regime the entire bulk of the film is 
contributing to the signal, together with the surface atoms. We expect the electrochemically active Mn atoms 
to be more oxidized when the potential is increased, than the bulk atoms.   
The Au LIII-edge was also measured for the samples containing gold, and the resulting spectra are shown in 
figure 5a and b. At OCV, figure 5a, the spectra for Au(30%)-MnOx and Au(50%)-MnOx are almost identical. 
However, at 1.65 VRHE there is a distinct in the white line for the lower Au concentration. A higher white line 
indicates that the Au is oxidized.48,49 From the Pourbaix diagram of gold the oxidation to a +3 state can occur at 
potentials close to 1.46 VRHE so it is not a surprising feature. Nevertheless it is a feature that is missing for the 
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higher concentration of Au, indicating that a significant amount of the gold in the 30% sample is oxidized, not 
just the surface.  
 
Figure 5. a) Au LIII-spectra for Au(30%)-MnOx (blue) and Au(50%)-MnOx (red) at open circuit conditions. b) Au LIII-spectra for 
Au(30%)-MnOx (blue) and Au(50%)-MnOx (red) at 1.65 VRHE. 
Since the XANES results showing a higher oxidation for MnOx film mixed with gold, it raises the question; why 
does a higher oxidation state lead to higher OER activity. The binding energies for Mn sites in a higher oxidation 
state is closer to the optimal strengths. This notion can be justified with the DFT calculations reported in 8,36 
where MnO2 is predicted to have a lower overpotential than Mn2O3, Mn3O4 and MnO.  
It is therefore interesting that the two Au concentrations results in very similar Mn oxidation state from the in-
situ XANES, while the activity enhancement is much more significant at 50 % Au. An important difference 
between the two concentrations is the Au domain size, which was markedly larger at 50 %. Furthermore, the 
Au LIII-edge spectra revealed that the sample with 30% gold was oxidized at high potentials, whereas the 
sample with 50 % was not. Assuming the domain size estimated with XRD to be a suitable measure of the 
particle size it should be noted that size effects for oxygen electrochemistry is very significant in the range of 1-
5 nm.50 A possible explanation for the observations is that a certain size of Au particles is necessary for the full 
enhancement. This enhancement could be related to the type of Au sites available at the surface of such 
particles during oxygen turnover.30,51 Greeley et al. have reported that the binding to OER intermediates for Au 
surfaces is stronger for undercoordinated sites.52 Specifically, *OH binding to Au(211) was 0.17 eV stronger 
than to Au(100). Furthermore, the number of undercoordinated sites for Au particles increase dramatically 
when the size of particles is decreased from 5 to 1 nm.51 For the smaller Au domains this is consistent with 
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oxidation at more cathodic potentials as observed with XAS. It is therefore noteworthy that the Au particles 
used in the study by Kuo et al. have an average size of 4 nm,33 which are likely to contain less undercoordinated 
sites. These observations indirectly indicate that Au terrace sites are important for the interaction with Mn 
oxides. From the theoretical model proposed in 30 *OH adsorbed to the terrace sites of bulk Au(111) was used 
as proton acceptor. A particle size dependency on the activity could suggest that these sites are indeed 
important and play a role in the reaction mechanism.  
However, to fully establish such an effect more specific measurements much be carried out. From these 
measurements it is, however, clear that gold promotes the activity towards OER and leads to higher oxidation 
state of Mn under reaction conditions. In future studies it would also be of great interest to mimic this 
interaction and beneficial effect using a non-noble metal activity promoter instead of Au.  
4. Conclusion 
In this study we have investigated mixed Au-MnOx films as catalysts for the oxygen evolution reaction. Films 
with 30 % Au exhibited modest increase in current density over the pure Mn3O4 film . At 50 % Au more than 
five times higher current densities were measured. From X-ray Diffraction measurements it was found that Au 
forms particles in the MnOx matrix, with sizes dependent on the Au concentration. At 30 % the crystallite size 
was approximately 2 nm, while at 50 % Au it increased to 3 nm. The films were studied with in-situ X-ray 
Absorption where the Mn K-edge and Au LIII-edge were probed as a function of electrochemical potential. At 
increasingly anodic potentials all films showed a shift of the Mn K-edge towards higher photon energies. 
However, the films with Au showed a significantly larger shift, indicating that the Mn atoms on average reach a 
higher oxidation state. The Au LIII-edge revealed that at a low Au concentration, 30 %, significant oxidation 
could be seen, which was not the case at 50 %. The combined study suggests that a beneficial interaction 
between Mn oxide and Au depends on more than just number of neighboring Mn-Au sites. It is likely that the 
type of Au sites available next to active Mn sites has a strong impact on the increase in OER activity. 
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X-ray Photoelectron Spectroscopy 
The films were characterized for elemental composition with X-ray Photoelectron Spectroscopy, using the 
Mn2p, Au4d and O1s peaks, as seen in figure 1a,c and d. Due to adventitious carbon it is difficult to assess the 
Mn:O stoichiometry which was instead evaluated from Mn2p½ satellite distance and Mn3s,1,2 shown in figure 
1b, multiplet splitting. The Au concentration used for denoting the samples are based on total metal basis, so 
that 30 % means that Au/(Au+Mn) corresponds to 30 %:  
 
Figure 1: X-ray Photoelectron Spectroscopy for the thin films. Pure MnOx film is shown in black, Au(30%)-MnOx 
is shown in blue and Au(50%)-MnOx is shown in red. a) Mn2p. b) Mn3s. c) Au4d. d) O1s. 
Domain size estimation from the Scherrer equation 
The Scherrer equation relates the size of crystallites, τ, to the broadening (after instrumental line broadening is 
subtracted), B, of peaks seen in X-ray Diffraction with the following expression:3 
𝜏𝜏 = 𝐾𝐾𝐾𝐾
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃
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where K is a dimensionless shape factor, λ is the wavelength and θ is the Bragg angle. There are multiple other 
factors beyond crystallite size that can affect the peak broadening which is why the estimations should be 
considered tentative. It should be noted that the instrumental peak broadening are taken into account for the 
estimations here. The instrumental peak broadening was measured as a function of the Bragg angle with a Si 
powder reference. The Scherrer calculator in HighScore Plus from PANalytical.4 The peak broadening was 
estimated from three Au peaks: (111), (220) and (113). The three broadenings lead to average crystallite sizes 
of 1.9±0.2 and 2.8±0.3 nm. Due to the inaccuracy of the method, the sizes are shown as 2 and 3 nm, 
respectively.  
Model for estimation of Mn-Au sites 
The number of sites with Mn and Au in close vicinity could have a strong impact on the activity. For the two 
concentrations of Au in MnOx it is therefore interesting to estimate this number. For Au(30%)-MnOx we will 
assume that spherical 2 nm particles are half immersed and dispersed on a flat Mn3O4 surface, so that the Au 
particles never touch each other. For Au(50%)-MnOx the same assumptions are made but for 3 nm particles. 
The ratios found from XPS will be used to evaluate the gold surface area. In this way the maximum 
circumference, C, of the particles are in contact with the oxide while accessible for the electrolyte. The total 
circumference, Ctot, of all gold particles present at the surface is therefore proportional to the number of Mn-
Au sites. Then the ratio between the total circumference for Au(50%)-MnOx and Au(30%)-MnOx is a measure of 
the difference in interacting sites for the two concentrations. This ratio can be written as: 
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡,50%
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡,30% =
𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝐴𝐴𝐴𝐴𝑋𝑋𝑋𝑋𝑋𝑋,50%
𝜋𝜋(3𝑛𝑛𝑛𝑛2 )2 𝜋𝜋 ∙ 3𝑛𝑛𝑛𝑛
𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝐴𝐴𝐴𝐴𝑋𝑋𝑋𝑋𝑋𝑋,30%
𝜋𝜋(2𝑛𝑛𝑛𝑛2 )2 𝜋𝜋 ∙ 2𝑛𝑛𝑛𝑛
= 3 ∙ 𝐴𝐴𝐴𝐴𝑋𝑋𝑋𝑋𝑋𝑋,50%2 ∙ (1.5)2𝐴𝐴𝐴𝐴𝑋𝑋𝑋𝑋𝑋𝑋,30% ≈ 1.3 
Where Atot is total area, AuXPS,50% is the ratio of Au from XPS measurements and 3 or 2 nm comes from the 
domain size estimations from using the Scherrer equation as described above. For cube shaped particles the 
result is the same. From this model it is therefore estimated that the samples with 50 % gold has 1.3 times as 
many Mn-Au sites as the sample with 30 %. This difference is not enough to explain a factor 3 difference in 
current density. If the gold particles are allowed to touch other gold particles the ratio will instead be close to 
1.1 and the difference is therefore lower.  
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